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Summary
The photocatalytic degradation of the s-triazine herbicide, atrazine, has been 
studied with the aim of using this technique to purify potable (drinking) water 
supplies.
Degradations have been carried out in a small volume (500ml) batch annular 
reactor at relatively high atrazine concentrations (mg/L). This has allowed the 
evaluation of a number of catalyst types (predominately titanium dioxide TiC>2 
based) and provided data on the reaction intermediates formed in the photocatalytic 
process.
Analysis was carried out using HPLC for quantitative determination and GC- 
MS for qualitative determination of reaction intermediates. Solid Phase Extraction 
(SPE) was used for the concentration of low levels of compounds before analysis.
A number of catalyst types have been evaluated in the batch scale for potential 
use in the pilot scale reactor, including tabletted TiC>2 and various supported 
catalysts produced via sol-gel methods.
The effect of these different catalyst types along with parameters such as 
atrazine concentration, catalyst loading, and the presence of inorganic ions on 
atrazine degradation rates and intermediate concentrations were studied.
Results were then obtained in an annular flow-through pilot scale reactor 
where powdered TiC>2 and larger catalyst particles were evaluated for the 
degradation of atrazine at concentrations commonly found in water supplies (ng/L).
The effect of catalyst loading and oxygen sparging rate has been investigated 
and the problems of catalyst attrition are discussed.
Degradation of atrazine and concentrations of the main intermediates were 
analysed with a simple kinetic model.
A number of conclusions and recommendations have been made as to the 
applicability of photocatalysis to practical water treatment processes and to atrazine 
removal in particular.
1 Introduction
There is widespread interest today in methods for degrading or mineralising 
pollutants which occur in our environment as air, water, or solid residues. Some of 
the current methods available for the removal of organic contaminants from water 
include granular activated carbon (GAC), air stripping, and advanced oxidation 
processes (AOPs). The major drawbacks of GAC removal and air stripping are that 
these are non-destructive technologies, the pollutant being transferred from one 
phase to another. In the case of GAC the spent adsorbent itself may have to be 
handled as a hazardous waste.
There are a number of technologies which can be combined under the banner 
of advanced oxidation processes. These techniques often employ a combination of 
two or more processes which generate highly reactive radical species which can then 
mineralise organic compounds to non-toxic carbon dioxide and water. The advanced 
oxidation processes which have been studied for the treatment of organic pollutants 
in water can be classified as homogeneous, such as UV-ozone [1] and UV-hydrogen 
peroxide [2]; and those which employ heterogeneous reactions using photoreactive 
metal semiconductors such as titanium dioxide (TiC>2) [3,4]. In all these techniques 
the UV light provides a source of oxidising species either via the breakdown of the 
combined chemical (in the case of ozone and peroxide methods) or via the process 
known as photocatalysis. Interest in photocatalysis in particular has increased in the 
past few years and research has developed to the point where the 1st international 
conference on photocatalysis was recently held [5],
Photocatalysis is the process whereby the illumination of a solid causes a 
reaction to take place, the solid not being consumed or changed by the reaction, as
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defined in simple catalysis. These photocatalysts (or photosensitisers) are invariably 
semiconductor based. A good example of a common photocatalytic process, which 
in this case is unwanted, is the degradation of paint exposed to sunlight. Here the 
organic polymer, used as a binder, reacts with the pigment, Ti0 2 , which is acting as 
a semiconductor photocatalyst when illuminated by sunlight.
In general the reaction taking place in the photocatalytic process can be 
summarised as follows:
semiconductor
organic pollutant + CL ------------------- ►  CCL + ELO + mineral acids (1.1)
2 ultra-bandgap light 2 2 v
In recent years there has been a rise in interest in the uses of advanced 
oxidation techniques, and photocatalysis in general, for the degradation of organic 
pollutants since it provides a potential route which mineralises the pollutant 
completely to CO2 without need for further treatment. In the case of GAC 
adsorption, which is commonly used in the water industry to remove organics, the 
carbon, once exhausted, has to be regenerated, the pollutant problem having been 
transferred from one matrix to another but not eliminated.
Another advantage of photocatalysis is the potential for the use of solar 
illumination [6,7,8] as an energy source making the economics of photocatalysis 
more favourable in countries less climatically-challenged as the UK.
The aim of this project was to try to extend the knowledge gained about 
photocatalytic degradation of pollutants and to look at the problems involved in
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developing a system (reactor / catalyst / and associated equipment) which could be 
used by a water supply company.
It was decided that the project would concentrate on the degradation and 
possible mineralisation of the s-triazine herbicide atrazine.
Atrazine is a pre- and post-emergent herbicide widely used for the control of 
broadleaf and grassy weeds in com and other crops [9]. Until recently it was also 
used in the UK by local councils and British Rail to control weeds in urban areas. 
Because of it’s prolonged and widespread use and it’s ecological persistence, traces 
of atrazine and other triazine herbicides, such as simizine and propazine, have been 
found in groundwater. In 1980 the EEC issued a directive to it’s member states 
concerning the quality of waters for human consumption setting the maximum 
permissible concentrations for individual s-triazine herbicides at 0.1 ppb and 0.5 ppb 
for the total concentration of herbicides / pesticides [10]. Levels exceeding this limit 
have been found in many countries in Europe as well as in the US. In the UK most 
water companies meet the EEC limits but some, particularly those who serve mral 
communities, have levels in some water sources close to the 0.1 ppb limit. An 
additional concern is that if the level of the water table undergoes any major change, 
as can happen in periods of drought or high rainfall, concentrations of persistent 
pollutants such as atrazine may show an increase in drinking water supplies. The 
setting of the EEC limits as well as general public concern about levels of pollutants 
in drinking water have led the water supply companies to look for possible 
technologies for reducing or removing these compounds. It is also possible that the 
EEC limit will become legally enforced, in some form, in the near future. This is the 
background against which the research efforts in photocatalysis are played.
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2 Semiconductor Photocatalysis
There has been a wide range of research carried out in the area of 
semiconductor photocatalysis particularly over the past 10 years. During this time 
the use of photocatalytic techniques for the solution of environmental problems has 
been suggested. The underlying fundamental principles are based on semiconductor 
theory although this work has been expanded in an attempt to explain the primary 
reactions which occur, leading to the oxidation of organic chemicals. There are 
many studies on the degradation of individual or classes of organic compounds 
along with the effects of reaction variables on reaction rates. There has also been 
considerable effort in looking at the practical application of photocatalytic 
technology, in particular reactor design and catalyst development.
2.1 Photocatalysis Fundamentals
2.1.1 Sem iconductors
Unlike the electrons in metals, where the energy bands overlap, the electrons
in a semiconductor are divided discrete bands corresponding to their energy levels. 
There are two main classes of semiconductor:
Intrinsic semiconductors have two energy levels, the difference between them 
being known as the semiconductor band gap. The lower energy level is known as the 
valence band, containing electrons participating in the valence bonds of the crystal. 
The upper energy level, known as the conduction band, is empty unless electrons are 
promoted by heat or radiation from their valence positions [11,12], Electrons which 
have been promoted are able to migrate with the application of an electric field i.e.
4
conduction, and the corresponding “hole” left by the migrating electron is available 
to conduct electrical energy in the opposite direction.
These intrinsic semiconductors are in general not important in catalysis since 
the amount of energy required for electron promotion and the corresponding hole 
production is too high. It will be seen that the production o f electron-hole pairs plays 
a primary role in photocatalytic reactions.
More important for uses as catalysts are the n-type and p-type 
semiconductors shown in figure 2.1.
Titanium dioxide (Ti02) or titania, the semiconductor most widely used for 
photocatalysis, is an example of an n-type, the structure being nonstoichiometric 
containing an excess o f Ti+ ions. The small cation is easily accommodated into 
interstitial positions in the crystal generating energy levels close to the conduction 
band. This means that the amount o f energy (thermal or radiation) required for 
electron promotion is greatly reduced.




VALENCE BAND / f t /
////////////y y y
n-type
anionic vacancies, interstitial atoms
ACCEPTOR
LEVEL -o — o - -o -  -o -  -o -
p-type
cationic vacancies, lower valence cations
Figure 2.1: n-type and p-type Semiconductors
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2.1.2 Photocatalysis
In order to be activated, the photocatalyst needs to absorb a photon o f energy
larger than the bandgap, E^g. This causes an electron, e \ to be promoted from the 
valence band into the conduction band with the creation o f a corresponding hole, h+. 
The photocatalytic process will then continue with the reaction o f the generated hole 










Figure 2.2: Schematic o f Semiconductor Charge Transfer Induced by Band Gap
Excitation
In the absence o f a suitable electron-donating redox couple, photogenerated 
holes will either, build up at the surface reacting with the solvent or electrolyte, be 
trapped by a surface state which could cause the corrosion of the semiconductor 
surface, or recombine with a photogenerated conduction band electron .
The reacting scheme which is proposed for a photocatalytic process [13] in 
aqueous solution is presented in figure 2.3.
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The primary reaction is the illumination of the Ti02 particle by near-UV 
light (wavelengths < 380nm) generating the electron-hole pairs (eqn 2 .2).The 
recombination reaction is rapid (eqn 2.3) and one important aspect of the 
photocatalytic process in general is the electron trapping reaction (eqn 2.9) where 
pre-adsorbed or photoadsorbed molecular oxygen gives the superoxide radical 
anion. It has been reported that no photocatalytic degradation occurs in the absence 
of either oxygen or water [13].
Ti0o + hv (E ) --------- ► e"+ h+ (2.2)2 bg'
e"+ h ----------►TiC>2 + heat and/or hv (2.3)
(2.4)
< • IV   ^ -L. -( -T i  - )  + e CB (2.5)
h VB + Red 2, ads' (2 .6)
e pt, + Ox,^  1 , ads ►  Red 1 , ads (2.7)
(Ti ^ O 2" - Ti IV)-OH ’ +  ► (Ti - O2 - Ti )-OH- (2.8a)
(Ti TY o 2- - TiIV) - OH 2 + b V *  M T i ^ ° 2‘ ‘ T i 'V)-OH-+H+ (2.8b)
° 2  (ads) + e ^  (ads) (2.9)
H 2 °2  + ° 2 ’ --------- ^  OH • + OH + 0 2 (2 .10)
H2O2 + hv ►  2 OH • (2.11)
Figure 2.3: Proposed Photocatalytic Reaction Scheme
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The electrons and holes which migrate rapidly to the particle surface (a few 
picoseconds for e* and a few nanoseconds for h+) are bound by intrinsic sub-surface 
energy traps {TiIV - O2' - TiIV} for the holes and surface traps {- TiIV-}for electrons 
(equn. 2.4 and 2.5) . There are a number of further methods by which the electrons 
and holes can be trapped, namely via surface states (for instant by doping the oxide 
with metal ions), and extrinsic traps with interfacial electron transfer with surface 
adsorbed electron donors and acceptors (equn 2.6 and 2.7). In a hydrated and 
hydroxylated Ti0 2  surface, hole trapping by interfacial electron transfer proceeds to 
give surface bound OH* radicals (equn 2.8a and 2.8b). The reverse reaction, 
electron-hole recombination which is a rapid reaction requires that both electron 
donors and acceptors have to be adsorbed at the surface for reaction to take place.
These reactions highlight the importance of adsorption/desorption in 
photocatalysis. This is dependent on the pH of the medium, the point of zero charge 
for the catalyst (pzc for anatase 6 .0-6 .4) which in turn is affected by the particle 
environment (i.e. the nature of ions present in solution, ionic strength etc.). In 
general, in low pH environments (acidic conditions) the surface will be positively 
charged and adsorption of anionic and polar substrates should be enhanced. In high 
pH environments (alkaline conditions) the surface will be negatively charged and 
the adsorption of cationic species will be favoured.
Trapped electrons and holes may also recombine. To prevent this e' can be 
scavenged by pre- and photo- adsorbed oxygen to give the superoxide radical anion 
0 2* (ads). This may be further reduced to the peroxide dianion, 0 22- (ads). Surface 
peroxo species can form either by hydroxyl radical-hole pairing or by sequential 
two-hole capture by the same OH group or by dismutation of 0 2 * .
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2.1.3 Photocatalytic Oxidising Species
The major oxidising species formed in the photocatalytic process, OH* 
radicals in particular, but also h+, are known to react rapidly with organic solutes. In 
aromatic compounds, hydroxylation of the aromatic moiety occurs followed by ring 
opening due to successive oxidation/addition steps. The resulting intermediate 
compounds formed, often aldehydes and carboxylic acids, are then further 
decarboxylated, finally producing CO2 .
There have been many studies to determine which is the primary oxidising 
mechanism in photocatalytic systems. The main questions are whether the 
mechanism is via free or surface adsorbed oxidising radicals or by direct hole 
oxidation.
The first of these pathways assumes that the photogenerated holes react with 
surface bound water and/or catalyst surface OH- groups yielding OH* radicals. These 
radicals which are highly oxidising species then react with the substrate (in most 
cases of interest organic compounds). The alternative pathway involves the direct 
hole oxidation of the substrate, a view supported by a study which failed to detect 
any OH intermediates following flash-photolysis of a range of substrates [14], 
including potassium iodide, 2,4,5 trichlorophenol, tris(l,10-phenanthroline) iron (II) 
perchlorate, N ,N ,N ’, N ’ -tetramethyl-p-phenylenediamine, and thianthrene.
Evidence found for OH* as the primary oxidising species include:
(i) electron spin resonance (ESR) studies which have detected OH* species in 
illuminated solutions of Ti0 2  [15] although there is some evidence that other radical 
species can give similar results;
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(ii) reactions carried out in organic solvents show only partial oxidation suggesting 
that the presence of water or hydroxyl groups is essential [16]; In redox-inert 
solvents mineralisation does not occur, only some partial oxidation involving photo­
oxygenation. Reactions in acetonitrile and dichloromethane have been found to 
proceed via direct h+ oxidisation; and
(iii) intermediates detected during the photocatalytic degradation of organic 
compounds are typically hydroxylated (such as quinones and catechols found in the 
oxidation of phenols) and are consistent with those found when aromatics are 
reacted with known sources of hydroxyl radicals [17] such as Fenton’s Reagent.
Identification of reaction intermediates in experiments using competitive 
reactions and inhibitors have been carried out. Evidence for both mechanisms has 
been found in the oxidation of acetate which gave reaction products expected from 
hole reaction (CO2 and methyl radicals) and those expected from OH* radical 
oxidation (glycolate and glyoxylate)[18].
Ethanol (an OH* scavenger) was shown to inhibit the photo-oxidation of 
dichlorobenzene over ZnO [19]. By contrast the oxidation of furfuryl alcohol [20] 
and monochlorophenols [21] was found to proceed by both pathways.
These studies based on identification of reaction intermediates do not allow an 
exclusive explanation of the reaction mechanism. For example, intermediates 
identified in the photo-oxidation of phenol may originate either by OH* radical 
attack on the phenol ring or by direct hole oxidation to give the cation radical which 
subsequently undergoes hydration in water [22],
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2.1.4 Photocatalysis-Heterogeneous or Homogeneous?
There have been conflicting studies on whether photocatalysis is a
heterogeneous process, with reaction taking place at the catalyst surface, or one 
where OH* radicals leave the catalyst surface and react in solution.
Early studies where data for initial rate-concentration data was fitted to a 
Langmuir-Hinshelwood type equation was assumed to show that the photocatalytic 
oxidative process was heterogeneous. It has since been demonstrated that equations 
of the same type can be derived whether the oxidising species and substrate are both 
adsorbed, both in solution or one adsorbed and one in solution[13]. Most other 
evidence indicates that the events are mainly if not totally surface occurring, but 
fitting data to saturation-type models alone does not define the exact nature of the 
events.
Using decafluorobiphenyl (DFBP) which was found to be tenaciously 
adsorbed to metal oxide surfaces (AI2O3 and TiC>2) and not to undergo exchange 
between the two a study was carried out which indicates that the OH* radical is 
surface bound and unlikely to desorb into solution [23], When DFBP was adsorbed 
onto alumina in a solution of H2O2 or a Ti0 2  sol and irradiated the DFBP was 
easily photo-oxidised. This indicated that both the OH* radicals from the H2O2 and 
the Ti0 2  sols migrate to the alumina surface where the reaction takes place. When 
Ti0 2  beads were used the photo-oxidation was suppressed, suggesting that OH* 
radicals were not leaving the catalyst surface and diffusing to the alumina. 
Pentafluorophenol, which easily exchanges between the two surfaces did undergo 
photo-oxidation under the same conditions.
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Further evidence for photocatalysis being a surface effect was found from a 
study looking at the repeated use of a batch of catalyst to carry out the same 
oxidation. The distribution of products was found to vary with repeated use, an 
effect which would not have been seen if the OH* radicals were diffusing and 
reacting in solution[24],
2.2 The Choice of Sem iconductor
There is a wide choice of semiconductors available but only a few are suitable
for use as photocatalysts. The semiconductor must be (i) photoactive, (ii) able to 
utilise visible and/or near-UV light, (iii) stable to corrosion, (iv) biologically and/or 
chemically inert, and (v) cheap.
Figure 2.4 shows the band positions and redox potentials for a number of 
common n-type semiconductors.
In order for the semiconductor to be able to participate in reaction (2.2) the 
redox potential for the photogenerated valence band hole must be sufficiently 
positive to generate adsorbed OH* radicals, and the redox potential of the 
photogenerated conduction band electron must be sufficiently negative to reduce 
adsorbed O2 to superoxide.
The relationship between the semiconductor band gap energy, Ebg (eV) and 
the threshold wavelength of light , Xfa (nm), below which the semiconductor will 
absorb strongly, is given by:
Eb g =  1240/Xth (2.12)
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Figure 2.4: Band Positions for Common n-type Semiconductors and the redox
potentials o f the H2 O/OH and O2 /HO 2  redox couples.
Cadmium sulphide (CdS) is an active photocatalyst having the highly 
desirable feature that it can be activated using visible light, but, as is typical for 
other visible light absorbing semiconductors, it is liable to photoanodic corrosion:
CdS + 2h+  ►  Cd2 + S  |  (2.13)
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thus rendering it unsuitable for use as an catalyst for water purification.
In most studies [25] Ti0 2  appears to be the most effective photocatalyst. 
Although it is only a UV absorber it is cheap, insoluble, photostable, and non-toxic. 
It can be seen from the available literature that the most commonly used form of 
Ti0 2  is Degussa P25. This form has become a research standard due to its well 
defined nature and high activity [26],
Although it has been determined that TiC>2 is the most suitable catalyst for 
most applications it is still important to choose the correct crystal form. TiC>2 can be 
found in 2 main crystal forms; anatase and rutile. It has been found in a study using 
phenol [27] that whereas the anatase form is catalytically active, the rutile form 
shows no activity. This is surprising given that the redox potentials of the 
conduction and valence bands in both forms are quite similar. Further investigation, 
comparing samples of Degussa P25 which had been heated over a range of 
temperatures (0-1000 °C) showed a loss of activity for samples heated to more than 
600 °C [28], It is known that heating converts anatase to rutile, above 800 °C the 
crystal structure being completely rutile [29],
In all these studies however, the loss of activity could also be due to a 
corresponding decrease in specific surface area, typically from 50 down to 5 m2 g '1, 
suggesting that the method of catalyst preparation could be as important a factor as 
crystal structure.
It should be noted however that anomalous results have been obtained and 
various catalyst types should always be evaluated for specific applications. For 
example it has been found that the rutile form of TiC>2 is substantially better for the 
oxidation of CN* [30], It has also been found that in the presence of hydrogen
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peroxide as an electron acceptor rutile forms of Ti0 2  can show higher 
photocatalytic activity [31].
There have been a number of attempts to alter the characteristics of 
semiconductor catalysts either to increase the rates of charge-transfer reactions and 
hence rates of photocatalytic degradation or to increase the wavelength range of 
light which will activate the catalyst into the visible.
The main method used has been doping of the crystal matrix with metal ions. 
Fe(III) doping has been reported to inhibit electron-hole recombination 
reactions [32] although little effect on the efficiency of phenol degradation was 
reported [33],
Negative effects on doping with Mo and V in TiC>2 have also been reported
[34].
A study using mixed Fe/Ti metal colloids have been investigated to broaden 
the wavelengths suitable for bandgap excitation. At an iron content of 2.5 % the 
degradation of dichloroacetic acid was 4 times as efficient than with pure TiC>2 
colloids [35].
2.3 Photocatalysis of Organic Compounds
The list of organic chemicals found to be photocatalytically degraded and/or
mineralised is comprehensive and now covers most classes of organic compounds 
including alkanes, haloalkanes[36], aliphatic alcohols, aliphatic carboxylic 
acids[37], alkenes, haloalkenes, aromatics[38,39], haloaromatics[40], 
phenols[27,41,42], aromatic carboxylic acids[43,44], polymers, surfactants[45,46], 
herbicides[47,48], pesticides[49], and dyes[50].
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In addition to studies on the degradation rates of particular organic 
compounds there has been experimental work to examine the effect of variables 
such as catalyst loading, dissolved oxygen concentration, and light intensity [51,3].
2.3.1 Kinetic Considerations
Most studies have found that the data obtained for the initial rate of
degradation, ri3 fits a Langmuir-Hinshelwood kinetic scheme given by an equation 
of the form:
-d[S] i k(S) K(S) [S] i
r i  =  — — --=  ------------------------  (2 .14)
dt 1 + K(S) [S] i
where, [S]j = initial concentration of the pollutant S,
K(S) = the Langmuir adsorption constant of species S on the Ti0 2  surface, and 
k(S) = a constant of proportionality.
The L-H constants represent the equilibrium binding or adsorption constant 
and the reactivity at the surface.
It is important to note that if the pollutant is a strong UV absorber then at high 
pollutant concentrations it will begin to screen the catalyst from the ultra-bandgap 
light and the kinetics of degradation will deviate from equation 2.14.
The effect of light intensity on degradation rate, showing the change from 
first-order to half-order as the intensity is increased from low to high levels, has 
been shown [52].
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i.e. k(S) is proportional to 7ae, where 7a is the rate of light adsorption and 0 is a 
power term.
This dependency is also found in other environmental applications of 
homogeneous and heterogeneous photolytic oxidations, photolytic ozonation for 
example [53].
This has important consequences for systems using high intensity light 
sources or concentrated sunlight as efficiencies decrease. This square root 
dependence has been attributed to electron-hole recombination reactions (second 
order) becoming more dominant [52] or to bimolecular combination of hydroxyl 
radicals [54],
It has also been found [51] that k(S) is proportional to the fraction of O2 
adsorbed an the catalyst surface,/(O2), defined as:
f  ( ° 2 > =  K o 2  [ ° 2 ] /  ( 1  + K o 2 [0 2 ] )  ( 2 . 1 5 )
where K02 is the Langmuir adsorption coefficient for O2 .
Oxygen appears to be non-competitively adsorbed on Ti0 2  at different 
surface sites to hydroxyl radicals and organic substrates [51]. Thus a more complex 
form of equation 2.14 is given by the following expression:
Y K0 [02] / ae K(S)[S] i
r  i  =   - ------------------------------------------------------------------------ ( 2 . 1 6 )
( 1 + K 0 [02 ]) (1 + K(S) [S] ) i
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where y is a proportionality constant.
The overall photocatalytic process is not found to be temperature sensitive, 
reported activation energies being in the range 5-16 kJ mol*1.
The kinetics of benzene and perchloroethylene degradation in single 
component and binary7 component systems have been studied [55], Using a 
circulating slurry reactor the single component initial rate data was fitted to a 
Langmuir-Hinshelwood rate form and the rate constants determined. It was noted 
that CO2 production was almost instantaneous with the degradation of PCE but that 
there was a significant lag between benzene disappearance and evolution of 
stochiometric quantities of CO2 .
The integrated form of the L-H equation with the constants found from initial 
rate data was used to model the concentration-time data in individual PCE 
experiments and good agreement between the calculated and measured values was 
found. Using the same model for benzene however resulted in considerable 
overestimation of the observed degradation rates.
This deviation was explained by the production of reaction intermediates from 
benzene which competed with benzene for hydroxyl radicals. In comparison PCE 
formed no such long-lived intermediates. To account for these intermediates a term 
for a competitively adsorbing intermediate was added to the L-H rate equation but 
this was not found to predict benzene degradation and CO2 evolution and thus a 
second intermediate was introduced in a simple 2 intermediate series reaction model 
scheme. The intermediate kinetic constants were assumed equal and calculated to 
give the best fit.
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For reactions where a significant number of intermediates are formed, the 
denominator of the L-H equation can be approximated by a term representing the 
total concentration of total oxidisable organics in solution. Since this remains 
relatively constant the L-H equation will describe a pseudo-first order degradation. 
The use of the simplification resulted in a poor description of PCE degradation 
because few intermediates were present and therefore this can only be used in 
systems where the reaction is known to proceed via a number of long-lived 
intermediates.
Further discussion of the kinetic equations used in the analysis of atrazine 
degradation can be found in section 4.5.
2.3.2 Photocatalysis Studies
The full range of compounds which have been studied in photocatalytic
systems can be found in a number of review papers [56], but it is useful to look at a 
few compounds which are of particular interest in water treatment systems.
2.3.2.1 Pesticides and Herbicides
The photocatalytic degradation of the compound under study here, atrazine,
has been investigated [48,57], and a suggested reaction mechanism proposed leading 
to the conclusion that the breakdown proceeds, not to complete mineralisation ,but 
to the compound 2,4,6-trihydroxy-l,3,5-triazine (cyanuric acid).
Batch irradiation using P25 TiC>2 powder demonstrated that a 25 ppm atrazine 
solution was degraded within 15-20 minutes, the TOC falling to a constant in 900
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mins for the same experiment. The final TOC value corresponded to a loss of 5 out 
of the total 8 carbon atoms in the atrazine molecule.
Stoichiometric recovery of nitrogen and chlorine was demonstrated as nitrate 
and chloride ions and complete removal of atrazine was demonstrated at low levels 
(ppb). Cyanuric acid has been reported as having a low toxicity [58] and so although 
the presence of the stable triazine ring meant that complete mineralisation did not 
occur, photocatalysis was proposed as a possible industrial remediation technique.
Similar results were obtained for the other s-triazine herbicides simizine, 
trietazine, prometon and prometryn.
2.3.2.2 Halogenated Hydrocarbons
Groundwater contamination by halogenated hydrocarbons used as industrial
solvents and degreasing agents has become an increasing problem as their use has 
become widespread.
It has been shown that many halogenated hydrocarbon compounds, including 
the major compound formed in the conventional chlorination procedures carried out 
in water treatment, trichloromethane (a suspected carcinogen) together with other 
chloromethanes and chloroform, are degraded completely to CO2 [4,59].
Another unwanted reaction which sometimes occurs in water treatment 
processes is the reaction of trichloromethane with the bromide ion to 
chlorobromomethanes and eventually to tribromomethane. Both these compounds 
have been shown to be mineralised without intermediate production to HBr and 
C02 [4].
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The commonly used industrial solvents which can find their way into water 
sources, trichloroethylene (TCE) and perchloroethylene (PCE), have also been 
found to be completely degraded, TCE being degraded to form 
dichloroacetaldehyde as a reaction intermediate [60],
The production of intermediates is an important problem to be tackled in the 
potential use of photocatalysis and advanced oxidation techniques in general. These 
techniques are often unspecific in their oxidation reactions and the prediction of side 
reactions involving free radicals can be complex. This is especially the case in 
situations where water containing a mixture of contaminants is present. It is 
important to check that any intermediates produced are not more toxic than any 
starting material. For example, aromatic chlorobenzenes show long reaction times to 
complete mineralisation due to the wide range of intermediates which are produced. 
These intermediates include chlorophenols which are undesirable not least for the 
fact that their taste is easily detected in drinking water [4],
2.3.2.3 Phenol and Chlorinated Phenols
A study into the oxidation of phenol [42] in a batch system showed that there
was an optimum for Ti0 2  concentration of 1-3 g/L for the annular slurry reactor 
under study. This optimum was explained by the shielding effect of high loadings of 
catalyst leading to less effective use of the incident UV light.
The effect of oxygen purge flow rate on the rate of phenol removal was also 
found to have an optimum, the degradation rate being decreased at sparge rates 
above the optimum. This was due to the problem of mixing the larger bubbles of gas 
formed at the higher sparge rates. The smaller gas / liquid interface per unit volume
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and the shortened residence time of the larger bubbles in the reactor may also 
account for the reduction in phenol degradation rate.
An initial concentration of phenol above a value of 30 mg/L was found to 
have a negative effect on the pseudo-first-order reaction rate constant and this was 
explained by increased phenoxide ion adsorption reducing sites for OH* generation.
A study into the degradation of an important class of water pollutants, 
chlorophenols, has been carried out [39], The degradations of mono-, di-, and tri- 
chlorophenols (MCP, DCP, TCP) and the reaction intermediates were studied and an 
attempt was made to correlate with structure and known physical characteristics. 
The apparent first-order rate constants kapp were compared with Hammett 
coefficients. These coefficients are commonly used to estimate the effects of 
substituents on the rate constants of OH- radical attack. The 1-octonol-water 
partitioning coefficient was also used as a measure of the partitioning of CP’s 
between water and the Ti02 surface. A correlation containing these two values was 
obtained which gave a good fit for almost all of the compounds under study. The 
intermediates which were found corresponded to the substitution of OH groups at 
the para and/or ortho sites with respect to the original compound’s functionality. 
These substitutions lead to the removal of a chlorine or hydrogen atom depending 
on which initially occupied the substitution site.
Another compound which is found as an environmental pollutant is 
pentachlorophenol PCP which has been used as a pesticide and wood preservative. It 
has been demonstrated [62] that PCP undergoes photocatalytic degradation via a 
number of intermediates, the principle compounds being /?-chloranil,
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tetrachlorohydroquinone, and o-chloranil. Formate and acetate are also formed in 
the latter stages of the oxidation.
2.3.2A Surfactants and Detergents
Photocatalysis has also been shown to be a useful technique for the
degradation of surfactants and detergents. These compounds are widely used in 
industrial and domestic applications but are not easily environmentally biodegraded.
The two common found surfactant compounds, DBS and BDDAC 
(benzyldodecyldimethylammonium chloride and sodium dodecylbenenesulphonate) 
have been shown to be effectively degraded by P25 TiC>2 dispersions leading to a 
reduction in foaming and complete mineralisation to CO2 [45], In general, studies 
show that degradation rates show the following trend: 
anionic > nonionic > cationic surfactants 
The cationic surfactants CDBACI and CPCI (cetyldimethylbenzylammonium 
chloride and cetylpyridinium chloride) have also been shown to be degraded 
resulting in loss of surface activity although mineralisation was not observed [46],
2.3.3 Supported Catalyst System s
The addition of photocatalyst in the form of semiconductor powders to
domestic water supply treatment systems is undesirable for the following reasons:
(i) the addition of any foreign material into water being treated for human 
consumption is to be avoided, and any such technique would suffer in comparison 
with non-invasive technologies.
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(ii) expensive downstream removal steps, e.g. filtration, may be required to remove 
and recycle the catalyst,
(iii) potential catalyst losses would be high, and
(iv) due to the unpredictable reactions which could take place it would be an 
advantage to keep the catalyst in a defmed reactor volume where some form of 
monitoring of intermediate compounds could take place.
Therefore there has been considerable emphasis on research into supported 
catalysts including immobilisation of TiC>2 on fibreglass, woven mesh, glass reactor 
walls, silica gel,and beads.
In a study utilising a supported catalyst [63], the inner tube of a photoreactor 
was coated with a layer of TiC^ from a sol-gel preparation method using titanium 
tetraisopropoxide as a precursor. Aqueous and gaseous feed streams could be 
pumped continuously through the reactor from a feed reservoir. In this particular 
study the degradation of 3-chlorosalicylic acid was measured and shown to deviate 
from simple first-order kinetics. Fitting the data to a Langmuir-
Hinshelwood/Hougen-Watson model which describes two adsorbing species, 3- 
chlorosalicylic acid and oxygen, gave good agreement with experimental results.
TiC>2 deposited on glass beads by thermal decomposition of titanium(IV) 
alkoxides has been used to photodegrade 2,4,5-trichlorophenol and to recover gold 
from dilute solutions [64],
In order to assess the activity of the coated beads a characteristic reaction of 
TiC>2 semiconductor dispersions, the photoinduced charge injection of electrons 
from the conduction band to the 1,1’-dimethyl-4,4’-bipyridium cation, MV2+, to 
produce the cation radical MV+, was used. This latter species exhibits a
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characteristic blue colour and can be confirmed by an absorption band at 605 nm. 
This quick and useful test showed that the coated glass beads were 
photocatalytically active
Photoreduction of a solution of gold(III) (40 ppm) led to its deposition on the 
bead surface as gold(0), which could be recovered by treating with concentrated 
nitric acid which reoxidises the gold and removes it from the particle surface without 
affecting the photocatalytic activity of the beads.
Treatment of 2,4,5-trichlorophenol showed complete mineralisation 
suggesting that an industrial scale treatment process based on a supported 
photocatalyst may be possible.
Another supported system using Degussa P25 coated and dried onto the inside 
of a borosilicate wound spiral tube was used to degrade a range of organics (salicylic 
acid, phenol, 2-chlorophenol, 4-chlorophenol, benzoic acid, 2-naphthol, naphthalene, 
and fluorescein) [65]. The rates of degradation were found to increase with an 
increase in the amount of TiC>2 on the reactor surface and fitted Langmuir type 
adsorption isotherms. An increase in degradation rate was also found with increasing 
flow rate through the reactor and a correlation was derived linking degradation rate 
with initial concentration and flow rate. This result highlighted the fact that 
degradation rates in a reactor of this type would be mass transfer limited.
A study on a system which combined a silica gel adsorbent with in situ 
photocatalytic oxidation regeneration to remove various organic compounds, 
including phenol and salicylic acid [66], cited the following advantages over a 
simple photocatalytic or adsorption system alone:
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(i) a substrate which is a strong adsorbent for molecules that are weakly adsorbed on 
Ti0 2  may be chosen, increasing the surface contact time for the photocatalytic 
degradation to take place;
(ii) the adsorbent may be regenerated in situ when the UV light source is switched 
on; and
(iii) the photo catalysis on Ti0 2  is a destructive process in contrast to adsorption in 
which possibly harmful impurities are transferred from the liquid to the solid phase 
thus becoming a solid waste disposal problem.
The TiC>2 coated silica gel was packed in an annular photoreactor and 
pollutant solutions pumped at controlled flow rates using a peristaltic pump. After a 
period of 8 minutes the outlet concentration of salicylic acid was the same as the 
inlet, the column having reached it’s adsorption capacity. When the UV light was 
turned on there was a rapid decrease in the outlet concentration indicating rapid 
photocatalytic oxidation. The process could be repeated by turning the lamp off and 
on again.
For salicylic acid increasing the inlet concentration increased the rate of solute 
removal but the photocatalytic degradation process was not fast enough to reduce 
the concentration down to low levels. Doubling the inlet concentration of phenol 
however did not change the outlet concentration.
The effect of TiC>2 loading on the silica gel showed that increasing the 
loading at high concentrations (50pM) had no effect on the degradation rates while 
at lower initial concentrations (10|liM) there was a significant increase in rate. This 
is explained by the competing effects of increasing solute adsorbed on the surface 
favouring an increase in photocatalytic oxidation, but with a decrease of the
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penetration of light into the silica gel as the loading is increased. It appears that at 
the lower concentrations there is a change in the balance of these opposing effects 
with a change in the degree of adsorption becoming more significant.
Further work [67] has led the same author to eliminate porous and/or 
adsorbent supports as suitable for photocatalytic reactions. It was found on further 
investigation that although the original substrate concentrations were reduced, 
corresponding CO2 production was not observed. This was assumed to be due to 
adsorption of reaction intermediates onto areas of the porous support not coated with 
catalyst where further photocatalytic degradation could not occur. This has led to the 
view that porous supports should not be used in photocatalytic systems where the 
benefits of mineralisation are required.
2.3.4 Effect of Additives on Photocatalysis
There has been great interest in the effect of various additives on
photocatalytic degradation rates.
(i) Compounds which will have a positive effect, by acting as oxidising agents on 
their own or as electron scavengers, could be added to a photocatalytic system;and
(ii) Compounds found in nature, which will be present in any water purification 
application, which could have possible detrimental effects due to competitive 
reactions and/or catalyst fouling.
The effect of inorganic anions on photocatalytic degradation rates has been 
studied [68] and showed that the presence of chlorides, sulphates, and phosphates all 
have a detrimental effect. Addition of NaCl (0.05M) decreased the rate of ethanol 
oxidation from 50 pg C/min to 20 \ig C/min and increasing the concentration of
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NaCl showed decreasing oxidation rates for ethanol, salicylic acid and aniline. One 
explanation is that the chloride ions act as a scavenger for oxidising radicals species 
(ox).
■ox + C l ' --------------► Cl • (2.17)
The addition of nitrate and perchlorate ions, in the form of NaC104 and 
NaN0 3 , were small and any effect was presumed to be due to partial blocking of 
active sites on the photocatalyst.
Sulphate ions added as Na2S0 4  showed a significant effect on degradation 
rates, the effect taking place immediately on contact with the catalyst and not 
increasing with contact time as was the case with chloride ions. There was also little 
effect on increasing the concentration of sulphate ions above 0.01 M. It appears that 
the sulphate ions are immediately and strongly bound to the catalyst causing 
deactivation. The catalyst could only be regenerated by washing with alkali (0.1 M) 
or 0.1 M NaHCC>3 and 0.1 M HCIO4 solution.
The effect of phosphate ions, as Na3PC>4 showed the greatest reduction of 
degradation rates from 85 to 30 fig C/min for salicylic acid and 41 to 23 fig C/min 
for ethanol when the phosphate concentration was as low as 0.001 M. The behaviour 
of phosphates was the same as that observed for sulphates in that activity was 
immediately effected and did not change with time. A similar procedure for 
regeneration after contact with sulphate ions had to be used. The data was fitted to a 
model which assumed that the adsorbed anions compete with adsorbed organic 
species for the photooxidising species to give radical anions. Some of the radical
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anions may undergo oxidation reactions with organic species but at decreased rates, 
the overall effect appearing as catalyst deactivation.
Most aquatic environments, in addition to the presence of inorganic ions, will 
contain a class of organic molecules known as humic substances. Studies to examine 
the effect of these compounds include one looking at the effect of fulvic acid, a low 
pH soluble component, on the degradation of an organophosphate [49]. It was found 
that rates of degradation are substantially reduced in the presence of fulvic acid at 
concentrations as low as 25 ppm and this is explained as a result of two major 
factors:
(i) the substrate was kept from the TiC>2 surface by a combination of two possible 
mechanisms:
(a) adsorption of the substrate by the fulvic acid molecules, and
(b) competitive adsorption onto the catalyst active sites.
(ii) at high concentrations the fulvic acid adsorbs a large fraction of the incident 
radiation reducing that which can reach the surface of the TiC>2 .
Studies have also looked at possible methods of enhancing the photocatalytic 
reaction rates by the addition of inorganic oxidising species [40], Three compounds 
were examined:
(i) 2-chlorophenol which is photocatalytically degraded rapidly to CO2 and HC1;
(ii) 2,7-dichlorodibenzo-dioxin, harmful and environmentally persistent, requiring 
long photocatalytic degradation times; and
(iii) atrazine, showing fast degradation of the primary compound but slow 
appearance of the final compound, cyanuric acid.
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The oxidising species studied were peroxidisulphate and periodate which both 
act by scavenging for electrons thus preventing unwanted electron-hole 
recombination reactions and through the production of other strong oxidising 
species, such as hypoiodate and the sulphate radical ion, which contribute to the 
overall degradation process.
The degradation of 2-chlorophenol (1.5x10 4 M) with the addition of 
peroxidisulphate and periodate ions increased dramatically, halving the time for total 
mineralisation, as measured by CO2 evolution.
The effect on the degradation of 2,7-Dichlorodibenzodioxin is even more 
dramatic. 0.1M of periodate or peroxydisulphate giving >99% degradation in 30 
minutes and 60 minutes respectively compared to times of 180 minutes for TiC>2 
alone. Other oxidising agents such as H2O2 and chlorate ions have been found only 
to be slightly beneficial.
Addition of periodate and peroxydisulphate ions at concentrations >1 x 
10_4M showed decreases in atrazine degradation times from 30 minutes to 4 
minutes. The most interesting result is the speeding up of the degradation of the 
reaction intermediates. The final product, cyanuric acid, is formed in stochiometric 
quantities after 0.5-1 hour for peroxydisulphate and periodate compared to 70 h for 
Ti(>2 alone. It is possible that the addition of these inorganic species could be used 
for the degradation of organic pollutants in water treatment systems since they 
exhibit low toxicity in solution. The products of their reactions, sulphate and iodide, 
are less toxic and are also formed in other water treatment processes.
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2.3.5 The use of Solar Radiation
There have been a number of studies looking at the use of solar radiation as a
source of photons for the photocatalytic degradation of aquatic pollutants using 
parabolic-trough and thin film reactors [6,7,8],
There has been general concern that because there is negligible solar radiation 
of wavelengths between 280-300 nm it may not be possible to initiate photocatalytic 
reactions with unmodified TiC>2 Attempts have been made therefore to develop 
catalysts, usually by doping with metal ions, which can utilise a greater fraction of 
solar energy. It has been shown that compounds can be degraded by solar systems 
and these include trichloroethylene, surfactants, trichloromethane, salicylic acid, 
dioxins and biphenyls.
Work on the degradation of pentachlorophenol in both simulated and actual 
solar systems [8] demonstrates that there is a potential for the use of solar based 
systems and in particular demonstrates the effectiveness of the addition of chemical 
based electron scavengers, in this case peroxydisulphate, on degradation rates.
In a study looking at a wide range of catalyst supports for solar degradation 
[69] higher degradation rates were found with catalysts with increased specific 
surface area. Supports which had higher near-UV transmission required lower 
catalyst loading for the same degradation rate. It was also found that impregnating 
adsorbent supports such as GAC and a synthetic resin led to increased breakthrough 
times indicating that a combined photocatalysis/adsorption system may reduce 
adsorbent usage rates.
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2.4 Other Uses of Photocatalysis
There have been a number of studies on uses of photo catalysis other than for
the photomineralisation of organic pollutants. An instrument for total organic carbon 
(TOC) analysis has been developed based on a Ti0 2  containing reactor [70]; there 
are applications including use as a photodeodorant by coating a thin film of Ti0 2  
onto an interior tile [71]; using Ti0 2  as a method of destroying cancer cells [72]; 
and using Ti0 2  coated hollow glass microbeads, which float on water, for the clean 
up of oil spills [73],
There are a number of other important applications to which photocatalysis 
has been applied and two in particular which are of interest for water treatment 
applications.
2.4.1 Heavy Metal Removal
There are a number of examples of transformations of inorganic ions on
semiconductor surfaces including chromium, copper, iron, manganese,and mercury.
In most of these reactions a metal species is deposited on the catalyst surface 
and will eventually lead to catalyst deactivation. Obviously there is more potential 
for using catalyst in this way to recover high-value metal ions rather that as part of a 
water treatment process. An important consequence of these inorganic reactions is 
that in treating water with naturally occurring metals in solution some deposition 
and catalyst deactivation will be inevitable.
Long term trials of photocatalytic reactors treating mains water showed 
decreasing degradation rates of test compounds due to the deposition of light 
blocking compounds such as hydrated ferric oxides on the catalyst surface. These
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iron compounds are present in water as ferric humic complexes. Other ions such as 
Cu, A1 and Zn were also found to be removed by the photocatalytic reactor by 
analysing concentrations entering and leaving the reactor [67],
2.4.2 Photocatalytic Disinfection
Another potential use of photocatalytic reactions is in disinfection of potable
water. Using traditional methods of disinfection such as chlorination, it has been 
found that, depending on the levels of TOC, the disinfection treatment can actually 
increase the levels of microbial growth. This is due to the amount of carbon which is 
available for microbial growth increasing as organic compounds are converted into 
forms which are easily assimilated (known as AOC or Assimilable Organic Carbon). 
This can then lead to problems of microorganism regrowth in supply tanks and 
water mains.
The compounds which make up the bulk of the AOC have been identified as 
aldehydes, ketones and carboxylic acids.
Formaldehyde, acetaldehyde, and other higher molecular weight carbonyl 
compounds have been found after chlorination, the most widely used disinfection 
technique in the UK. In addition, chlorination also suffers from by-product 
formation of trihalomethanes which are believed to be carcinogenic. Disinfection 
with chlorine dioxide (CIO2) has the advantage over simple chlorination in that 
trichloromethanes are not produced but the problem of aldehyde and ketone by­
products is still present. Aldehydes and Ketones are also found in other techniques 
such as H2O2 and Ozone treatment.
33
In the case of ozone, which has been examined as a potential technique for 
primary disinfection coupled with a secondary residual treatment, there are two 
major problems. Firstly naturally occurring bromine ions are oxidised and form 
brominated organics of which the effects on humans are unknown. Secondly AOC 
levels are typically doubled by ozone treatment.
Treatment with Ti02 systems offers the possibility of complete oxidation of 
small organic compounds which provide a large proportion of the total AOC. The 
concentrations of secondary organic by-products which would result in systems 
which continue to use free chlorine as a residual disinfection would also be reduced. 
In particular trihalomethanes have been shown to be easily oxidised by 
photocatalytic techniques [4].
There are a number of problems which are associated with this potential use of 
photocatalysis for disinfection. Although the main benefit over ozone use appears to 
be higher concentrations of hydroxyl radicals (the major oxidising species in both 
systems) this is obviously effected by the catalyst type used. Any system in which 
production rates are low or in which compounds are not fully mineralised could lead 
to the same problems of high AOC concentrations. It will be seen in section 4.1.2 
that in the case of atrazine the oxidisation process produces a number of relatively 
long-lived intermediates which are precisely in that group of compounds which form 
AOC. Namely aldehydes, ketones, and carbonyl compounds in general.
2.5 Catalyst Preparation
There have been many studies into the preparation of metal oxide 
semiconductors, including some specifically for use as photocatalysts.
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Most of these methods are based on the controlled hydrolysis of the metal 
alkoxides or TiCl4 known as sol-gel methods. The advantages of sol-gel techniques 
are:
(i) that by using controlled cohydrolysis of mixed alkoxides, doped particles can be 
prepared [74];
(ii) colloidal solutions or very fine particulate suspensions can be prepared; and
(iii) the colloidal sols can be used to coat very finely divided material onto support 
surfaces.
An example is the hydrolysis of titanium tetraisopropoxide which proceeds 
according to the following reaction:
Ti(iso-OC3H7)4 + 4 H 20  ----------- ►  Ti(OH)4 + 4 C H OH (2.18)
Ti0 2  being formed when the product of hydrolysis is heated in air.
TiC>2 membranes can also be prepared via two hydrolysis methods [75], 
Either:
(i) via a particulate sol using an acid peptising agent to prevent aggregation; or
(ii) using a polymeric sol which can lead to transparent gels on evaporation of water.
It was found that the preparation of particulate free sols was difficult and 
needed careful control of the hydrolysis conditions, the mole ratio of water to 
titanium needing to be <4. After hydrolysis the sol-gel can either be; fired to 
evaporate water and any remaining solvent, and the resulting TiC>2 powder used as
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an unsupported catalyst; or used to coat a support surface e.g. glass beads, reactor 
walls.
The difficulty in achieving a controlled hydrolysis is demonstrated in attempts 
to produce stable, gelled, clear solutions for the preparation of TiC>2 fibres [76], A 
method to suppress precipitation of the alkoxides by using glycols or ethanolamine 
and therefore to make sol-gel preparation easier has been described [77], The 
solutions prepared were used to coat glass substrates, layers up to a thickness of 
1 pm were formed by multiple coating.
2.6 Analysis Techniques
The wide range of analysis techniques available for pesticide and herbicide
analysis have been reviewed [78], Included are the standard methods of gas 
chromatography (GC) and high performance liquid chromatography (HPLC) which 
are particularly suited for the separation and analysis of reaction intermediates.
There are also a number of sample preparation techniques for analysing low 
concentrations of pollutants and extracting samples from complex sample matrices.
Analysis of atrazine and separation of it’s degradation products by reverse 
phase HPLC (C8), with UV detection at 220 nm, using a methanol:water mobile 
phase has been demonstrated[79],
The use of an HPLC microbore column separation, using solid phase 
extraction (SPE) and diode array detection for the quantitative measurement of 17 
triazine and phenylurea pesticides, was a technique which could measure 
concentrations down to 50 ng/L [80,81].
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An automated method of SPE, specifically used in the water industry for the 
analysis of pesticides, has been demonstrated [82] together with details of the 
development procedure required to apply SPE to other specific extractions.
Other techniques described include on-column trace enrichment [83], GC- 
mass spectroscopy analysis [84], GC-NPD [85], and Enzyme-Linked 
Immunosorbent Assays (ELISA’s) for triazine analysis [86],
For further discussion of the applicability of the various analysis and sample 
preparation techniques available to the current project see chapter 3.
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3 Materials and Metiods
Photocatalysis eiperiments were initially carried out in abatch-scale reactor 
to provide data for tb  degradation rates of atazine and information on reacticn 
intermediates formed h the breakdown process. These experiments also provided 
samples which could te used to develop the aralytical techniques used thronghoit 
the study. It was imporant to cevelop techniques which would:
(i) allow the rapid ard ©producible measuremert of atrazine concentration; ard
(ii) identify reaction infcrmediates.
In addition it was important to develop the associated sample preparation 
techniques which were required prior to analysis
A suitable form of T1O2 had to be devdoped to allow it’s use in a largt, 
continuous, pilct-scale eactor. In practice this meant the use of either large particls 
of bulk catalyst or a catalyst layer immobilised onto a support. A number of possibfe 
solutions to thisproblen were evaluated and aredescribed in sections 3.8 and 3.9.
Finally, experiments were carried out to took at the pilot-scale degradation cf 
atrazine at tow corcentntions, close to those fornd in potable water sources.
3.1 Materials
All chemicals used were of analytical reagent grade unless otherwise staled. 
Atrazine (6-chlo'o-N2-ethyl-N4-isopropy]-l,3,5-triazme-2, 4-diamine) usd 
for photocatalysis experiments was obtained from Ciba Geigy, while purifiel 
atrazine and reaction iitermediate standards wrre obtained from Prcmochem. A1 
reagents were used as sipplied without further pirification
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Samples of P25 Ti02, and P25 tablets were supplied by Degussa. WDB TiC>2 
was obtained from SCM. A summary of physical and chemical data supplied from 
Degussa is shown in table 3.1.
Table 3.1'.Physicochemical Data on Degussa Titanium Dioxide Samples.
Titanium Dioxide P25
Behaviour in the presence of water Hydrophilic
BET Surface Area (m2/g) 50 ± 15
Average Primary Particle Size (nm) 21
Tapped Density (g/L) approx. 100
Density (g/L) approx. 3.7
pH (4% aqueous solution) 3 -4
P25 Tablets
Chemical Composition >99.5% anatase
Shape 5 x 5  mm cylinders
BET Surface Area (m2/g) 40
Pore Volume (ml/g) 0.23
Pore Size Distribution
No Pores Smaller than (nm) 8
Main Pore Range (nm) 10-30
Crushing Strength (N) 85
Abrasion Loss (%) 1.5
Bulk Density (g/L) 1270
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Acetonitrile used for preparing HPLC mobile phase was obtained from 
Fisons and was “HPLC-Far UV” grade. All other solvents and chemicals were 
“HPLC” grade for HPLC analysis and “Pesticide” grade for GC-MS analysis.
Water used for preparing the HPLC mobile phase and for making all solutions 
for batch scale experiments was from a Millipore Maxima ultra-pure water unit fed 
from a Millipore Ultima RO unit.
Water used in the pilot scale experiments was softened Bath mains water 
(Zephyr Water Treatment).
Ceramic steatite beads, diameter 3.5 mm, were obtained from Morgan Matroc 
Ltd. These beads are commonly used in the grinding and milling industry and were 
chosen as a possible catalyst support because of their hardness and resistance to 
wear.
Glass ballotini, diameter 250pm, were obtained from Jencons.
3.2 Solid Phase Extraction
Solid Phase Extraction (SPE) is a technique which uses the selective
adsorption between compounds of interest and a chemically modified silica 
adsorbent for sample extraction and concentration. SPE is routinely used in the 
analysis of drinking water quality [82], and the technique used in this study was 
adapted from one such method [80], Disposable SPE cartridges were used, both to 
transfer samples from water into a solvent suitable for injection onto a GC capillary 
column, and to concentrate low levels of atrazine so that quantitative analysis by 
HPLC was possible.
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The extractions were carried out using C l8 reverse phase, silica-based, Bond 
Elute cartridges (Varian) and a Vac-Elute (Varian) system for extraction of a large 
number of samples (up to 24) at one time.
The SPE technique used is shown schematically in figure 3.1.
Cartridges were conditioned with 10ml of “pesticide” or “HPLC” grade 
methanol followed by 10 ml of UHQ water. The samples, which were contained in 
brown glass 1L bottles, were weighed and positioned around the Vac Elute module. 
Sample tubing was placed into each bottle and connected to the cartridges fitted 
into the module. The samples were then drawn through the cartridges under vacuum. 
It is important that the sample was added before the cartridges have a chance to dry 
out from the conditioning step to prevent channelling and therefore reduced sample 
recovery.
For samples which contained a large amount of fine catalyst, care was taken 
that none of it passed through the SPE cartridge as this led to blocking and reduced 
extraction times. If necessary, the samples were left to settle out and the sample inlet 
tubing positioned so as to leave behind any catalyst in the sample bottles. The 
remaining catalyst was washed with 100 ml of UHQ water, left to settle and then 
passed through the SPE cartridge to remove any adsorbed organics.
After passing the sample through the cartridges, the compounds of interest 
having been retained on the packing material, the transfer tubing was removed and 
the vacuum pump left running for 1 hr, pulling air through the cartridges until the 
packing had dried out. This allowed the elution solvent to fully wet the packing 
giving high and reproducible sample recoveries.
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After drying, the vacuum pump was switched off and 3 ml o f the elution 
solvent (acetonitrile) added to each cartridge. The eluted sample was allowed to drip 
into a test tube under gravity, the vacuum pump being turned on to extract any 
remaining solvent. After elution the solvent was evaporated under vacuum, aided by 
blowing a stream o f air into the sample tube, the process usually taking 1-2 hr. 
When the sample had been evaporated to dryness it was redissolved in a small 
volume o f the desired analysis solvent.
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In the case of the HPLC analysis, after evaporation, 0.5 ml of the starting 
mobile phase (20% acetonitrile / water) was added.
In the case of GC-MS analysis the sample was redissolved in 1 ml of ethyl 
acetate.
Control experiments showed that the SPE cartridges extracted atrazine at 
efficiencies of 95-98% .
3.3 Analysis of Atrazine and Intermediates
Atrazine and the range of breakdown products formed by the photocatalytic
degradation process were analysed quantitatively by high performance liquid 
chromatography (HPLC) and qualitatively by gas chromatography coupled with a 
mass specific detector (GC-MS).
Analysis by GC-ECD (Electron Capture Detector) was evaluated, but it was 
found that this method was neither sensitive enough, atrazine possessing only one 
highly electronegative chlorine atom, or reproducible.
Total organic carbon (TOC) measurement which is used to measure the degree 
of mineralisation, proved to be unreliable and irreproducible and was therefore not 
include as a general analytical technique. Data for the concentrations of the principle 
intermediates, and in particular the desethyl-desisopropyl compound, give a good 
indication as to the extent of mineralisation. It should also be noted that conversion 
to the desethyl-desisopropyl intermediate represents the maximum reduction in TOC 
achievable using basic photocatalytic oxidations. (5 out a total of 8 carbon atoms 
having been lost, with no further TOC reduction on conversion to cyanuric acid. See 
figure 4.4 for chemical structures of these intermediate compounds)
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3.3.1 HPLC Analysis
HPLC analysis was performed using a Gilson system consisting of two 306
pumps, an 81 IB mixer, and a 115 UV detector. The system was coupled to a SGE 
LS-3200 auto-sampler/auto injector so a number of samples could be stored in vials 
and run with the minimum of operator supervision.
Separations were performed on a Spherisorb C8 (Fisons) reverse phase 
column (250 mm x 4.7 mm ) using a method adapted from a Hewlett Packard 
application [80],
Using an isocratic elution, measurement of atrazine was possible but peaks 
corresponding to reaction intermediates were eluted together. In order to elute 
reaction intermediate peaks and give a good separation between these compounds 
and atrazine itself (the most important function of this analysis being to provide a 
measurement of atrazine concentration) a gradient elution was used consisting of 
acetonitrile and water and was prepared as follows:
“Far-UV HPLC” grade acetonitrile and UHQ water (Millipore Maxima) were 
mixed to give the following mobile phase compositions:
Pump A: A 20% acetonitrile / water ; ImM ammonium acetate solution
Pump B: A 100% acetonitrile solution
Both solutions were filtered through a 0.2pm nylon membrane in an all glass 
apparatus (Millipore) and further degassed, prior to pump priming, by sparging with 
helium.
Retention time data was obtained by analysing solutions of atrazine and each 
intermediate in single and multicomponent samples to check for possible 
interference effects. Calibration data for sample component peak height vs.
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concentration was obtained by performing serial dilutions on atrazine and each 
intermediate in turn.
Samples straight from the reactor, in the case of high concentration 
experiments, or from the sample preparation stage (section 3.2), were filtered 
through 0.2 \im Nylon syringe sample filters (Fisons), capped in glass sample vials, 
and placed in the autosampler carousel.
The SGE autosampler/autoinjector operated by the use of a double sheathed 
needle. The outer sheath, which had a row of holes above the sample level, allowed 
for the pressurisation of the vial head-space with nitrogen. This forced the sample up 
the inner needle, through the silica sample transfer tubing, and into the sample loop 
of the Valeo HPLC injection valve.
It was necessary to carry out an experiment to measure the time required to 
flush and fill the transfer tubing and sample loop. This was measured and a one 
second safety margin added giving a total vial pressurisation time (at 50 psi) of 6 
seconds.
Th§ analysis method was input into the Gilson software as described in the 
operators manual. The method details are shown in appendix Al.
When analysing a number of samples consecutively it was important that the 
time between autoinjections was longer than that for the analysis method (by at least 
1 minute) in order to allow the software to wait for the next injection. The details of 
the parameters which had to be input on the autosampler front panel are shown in 
appendix A2.
After injection, samples were eluted using a gradient of 20 to 50% acetonitrile 
in 15 minutes and holding for 10 minutes. The method then returned the column to
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the starting mobile phase composition in 15 minutes ready for the next injection and 
analysis, giving a total analysis time of 40 minutes.
Peaks were analysed by measuring the UV absorbance at 210 nm, the data 
being stored by the Gilson software. In order to give a qualitative determination of 
the intermediate peaks a number o f standards were run corresponding to the main 
dealkylated atrazine molecules. Concentrations were calculated by using the 
calibration data obtained from serial dilutions of the atrazine and intermediate 
standards.
The calibration data for atrazine is shown in figure 3 .2 as a plot o f peak height 
for a range o f atrazine concentrations at a sensitivity o f 0.02 F.S.D. This data for 
atrazine and the other intermediate standards is also shown in figure 3.3 as a linear 
regression expression with the retention time for each compound. It was found that 
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Atrazine 17.58 y = 2532.2 x
Desethyl Atrazine 9.34 y = 8847.0 x
Desisopropyl Atrazine 6.68 y = 7055.4 x
Desethyl-Besisopropyl
Atrazine
3.43 y = 5719.6 x
Figure 3.3: HPLC Calibration for Atrazine and Reaction Intermediates.
The one reaction intermediate which was difficult to analyse was cyanuric 
acid. This was because, with three OH groups attached to the triazine ring, the 
molecule was highly polar and retention on a reverse phase support was small. This 
meant that cyanuric acid eluted with the sample solvent front and in many 
experiments there would be further interference from any other unretained 
compounds present in the sample, such as inorganic ions. This was a particular 
problem with experiments where nitrate ions were present, since they absorb UV 
light at wavelengths used to analyse triazine compounds, and experiments in the 
pilot reactor using softened water where a broad peak was eluted with the solvent 
front.
Methods for the analysis of cyanuric acid have been reported but the methods 
are either complex [57] and/or do not allow for the separation of the whole range of 
intermediates, cyanuric acid, and atrazine in the one analysis [87], It was therefore 
decided that the accurate measurement of cyanuric acid would be a lesser priority 
especially in light of the small production rates expected for the experimental run 
times used here compared to previous studies [57], In some experiments a change in
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the peak height at the solvent front has been commented on as a possible change in 
cyanuric acid concentration, but it should be noted that other effects, such as 
production of nitrate ions from the loss of the nitrogen atoms in atrazine, may also 
account for this change.
3.3.2 Gas Chromatography - Mass Spectroscopy
In order to determine the range of reaction intermediates formed by the
photocatalytic degradation of atrazine, samples from a series of batch experiments 
were analysed by GC-MS using a Hewlett Packard 5890 series II GC and a 5991A 
mass selective detector. Samples from the batch runs were extracted using SPE 
cartridges by the method described in section 3.2. High initial atrazine 
concentrations were used to maximise the quantities of intermediates formed.
Samples for GC analysis have to be prepared in an organic solvent having
(i) a low boiling point;
(ii) a low expansion volume when vaporised; and
(iii) a high solubility for the compounds of interest.
It was determined by running standards of atrazine in a variety of solvents 
that ethyl acetate gave the best results. The standard SPE method was therefore 
modified to produce suitable samples for the GC-MS by re-dissolving with ethyl 
acetate rather than acetonitrile. The extracted samples were capped into glass sample 
vials and auto-injected into the GC. Samples were analysed according to the method 
shown in table 3.1.
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As with HPLC analysis, standards of atrazine and the available reaction 
intermediates were analysed. The standard mass spectra obtained are shown in 
Appendix B2.
Table 3.1: GC-MS Method Details.
Column Type SGE BPX-5 25m x 0.22 mm x 0.25 pm film thickness
Injection Volume 5 stops, 100 pL
Injector Temperature 250 °C




Initial Time 2 min
Rate 1 50 °C/min to 150 °C
Rate 2 5 °C/min to 260 °C
MS Solvent Delay 4.25 min
3.4 Light Intensity Measurement - Actinometry
Chemical Actinometers are photochemical systems which can be used to
measure Light Intensity (or Optical Radiation Intensity) in terms of the number of 
photons per second emitted by a radiation source.
For photocatalytic systems this measure is important since it allows the 
calculation of the apparent quantum efficiency <E>, defmed as the initial rate of 
disappearance of a substrate divided by the theoretical maximum rate of photon 
adsorption. This assumes that all the photons that enter the photoreactor are 
adsorbed by the TiC>2 catalyst and that light scattering losses are negligible.
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The potassium ferrioxalate actinometer used here is very sensitive within a 
wide range of wavelengths from 253.7 to 577 nm, and is easy to use [88],
The basis of this actinometer is the reduction of Fe3+ ions to Fe2+ when a 
solution of K3Fe(C204)3 in sulphuric acid is irradiated with light, the reaction 
scheme being shown in equations 3.1-3.3.
[Fe3+(C204)3] 3-  ►  [Fe2+(C20 4)2]2-+C20 ;  (3.1)
[Fe3+(C20 4)3]3- + C2C>4  ►  [Fe3+(C20 4)3]2' + (C20 4) 2' (3.2)
[Fe3+(C20 4)3]2’  ►  [F e^ C -jO ^ ]2’ + 2C 02 (3.3)
The product Fe(C20 4)2 does not absorb incident light and the Fe2+ ions are 
determined spectrophotometrically as a red-coloured complex with 1,10- 
phenanthroline.
The K3Fe(C20 4)3.3H20  salt was prepared by mixing 3 volumes of 1.5M 
K2C20 4 solution with 1 volume of 1.5M FeCl3 solution. The precipitated 
K3Fe(C20 4)3.3H20  was recrystallised from warm water and dried in warm air.
For the actinometry experiments a 0.006M solution of K3Fe(C20 4)3.3H20  
was prepared by dissolving 2.947g of solid in 800ml of water, adding 100ml of I.ON 
Sulphuric acid and diluting the solution to 1L.
All manipulations of the ferrioxalate solutions were carried out in a darkroom 
using a red photographic safelight.
A calibration graph for the Fe2+ complex with 1,10-phenanthroline was then 
prepared using the following standard solutions:
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(A) 0.4xlO6 mol of Fe2+ ml-1 in sulphuric acid. This is freshly prepared from a 
standardised 0.1 M  FeS04 solution which is 0.1 M  in sulphuric acid by dilution with 
0.1 N  sulphuric acid.
(B )0.1 per cent by weight solution of 1,10-phenanthroline in water.
(C) A buffer solution prepared from 600ml of 1N  CH3COONa and 360ml of 1 N  
sulphuric acid diluted to 1L.
The standard calibration graph was obtained as follows:
To 0,0.5,1.0,2.0,...,4.0, ml of solution A a sufficient amount of 0.1 N  
sulphuric acid was added to make the total volume 10 ml.
2 ml of solution B was added and each diluted to 20 ml with solution C.
The standards were mixed and left in the dark for about 1 hr until the red 
complex had developed. After a certain time the absorbance of each standard was 
measured at 510 nm in a 1 cm cell, using an iron-free blank as the reference 
solution.
The calibration data is shown in figure 4.33.
The light intensity in the photocatalytic reactors used was then measured by 
irradiating ferrioxalate solution of the appropriate concentration contained in the 
reactor.
The batch reactor was filled with 0.006M ferrioxalate solution, the solution 
sparged with oxygen-free nitrogen, and the UV light source was turned on for the 
desired illumination time. The actinometry experiment was carried out in conditions 
which eliminated as much ambient light as possible, but an actinometer solution left 
in the laboratory was used as a blank.
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After the desired irradiition tine (t), the solution was well mixed aid an 
aliquct volume (V2) of 1C ml vas pipetted into a 25 ml volumetric flask. 2mlnf the 
phenanthrcline solution was idded together with 5 ml of buffer solution The 
solution was diluted with wata* to the 25 ml mark and mixed well. After 1 lr the 
absorption of the solution was measured at 510 rm using the blank solutioi as a 
reference.
The addition of buffer solution and the storage of the phenanthroline n the 
dark are important in eliminatiig common ^reproducible actinometiy results.
The number of Fe2+ ons (mol) formed during the irradiation cm be 
calculated from equation 3.4
n r ,  .  V‘ T3 (3.4)
'h
where,
Vj = volume of aetiaomder solution irradiated (ml)
V2 = volume of aliquot tcken for analysis (ml)
V 3  =  final volume to whbh the aliquot (V 2 ) is diluted (ml)
CF,2+ ^concentration of Ie2+ ions from calibration (mol/ml)
The number of quanta abiorbed by the actinometer (n j is given by:
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(3.5)
where O^is the quantum yield for the Fe2+ formation at a particular wavelength 
found from standard tables [126].




where t is the time of irradiation in seconds.
Calibration data and the calculated values of the photon flux found for the 
batch reactor are shown in section 4.4.
3.5 Dissolved Oxygen Measurement
Measurements of dissolved oxygen concentration (DO) were made with a
Jenway 9071 portable DO meter. The meter was calibrated with a sodium sulphite 
solution (0%) and water saturated air (100%), according to the manufacturers 
instructions.
3.6 Methyl Viologen Assay
One of the characteristic reactions of Ti0 2  semiconductor dispersions is the
photoinduced charge induction of electrons from the conduction band to the 1,1’- 
dimethyl-4,4’-bipyridinium cation, MV2+, to produce the cation radical MV+-. 
Solutions of this species have a characteristic blue colour which can be confirmed
53
its typical adsorption band at 605 nm [64]. This reaction was used as a simple test of 
the photocatalytic activity of immobilised catalyst samples.
Experiments were carried out in a Photophysics Cuvette reactor. A solution of 
methyl viologen was prepared by dissolving 0.18 g in 100 ml of UHQ water. The 
catalyst samples were added to 2 ml of the stock methyl viologen ( MV2+ ) in a 3 ml 
quartz cuvette, and the cuvette placed in the sample holder. The cuvette was then 
illuminated with 350 nm light for 10 minutes. A blue/green fluorescence could be 
seen as an indication of the formation of the MV+ cation radical. After illumination 
the sample was filtered through a 0.2 pm syringe filter and the absorbance at 605 nm 
measured.
A more sensitive measure of the MV+ cation radical was by fluorescence 
spectroscopy. Samples which had been previously illuminated at 350 nm were 
excited at 396nm (Perkin Elmer 3000) and the emission at 520nm was measured.
3.7 SEM
All scanning electron microscopy was carried out using a T330 electron 
microscope (Joel (U.K.) Ltd., Welwyn Garden City, Hertfordshire). Samples of 
attached catalyst were vacuum dried, mounted on carbon stubs and sputter coated 
with carbon.
X-ray microanalysis, which was used to identify and map metals on the 
catalyst surface, was performed using an X-Ray-EDS Link Systems AN10000.
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3.8 Catalyst Preparation
Various types of Ti0 2  were prepared in the laboratory based on sol-gel
techniques with titanium tetraisopropoxide Ti(OC3117)4 as a precursor.
In most experiments it was decided to use methods or adapt methods which 
produce clear colloidal titania sols. This technique was chosen to produce catalyst 
films which consisted of layers of quantum sized particles. This gave catalyst having 
a high efficiency of photoactivation coupled with lower rates of electron-hole 
recombination than those found in bulk particles.
In order to simplify the description of results obtained, each catalyst type has 
been assigned an id. with the format SG# (for sol-gel).
Results from these various preparation methods can be found in section 4.3 
together with SEM pictures and a discussion as to the suitability of each catalyst for 
photocatalytic reactions.
3.8.1 General Preparation Methods
The following methods were used to prepare catalyst samples which could be
evaluated in the batch-scale reactor.
SGI In a method adapted from work to produce clear TiC>2 sols [89], 10 ml of 
titanium tetraisopropoxide (Ti(OC3H7)4) was added dropwise to 130 ml ultra pure 
water acidified with 2 ml of nitric acid (HNO3) as a peptising agent. The solution 
was stirred at 50°C for 2-3 h until the solution was completely clear. In addition to 
clearing the solution it was observed that heating caused an increase in solution 
viscosity making subsequent coating of supports more effective. Thus it was
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confirmed that, by careful addition of the alkoxide, the use of a peptising agent, and 
aging of the solution, a colloidal sol could be produced. It was also found that the 
resulting solution was clear for 24h after which it became cloudy as TiC>2 
precipitates formed.
SG2 Glass ballottini (Jencons), with diameter 1.4 mm, were coated with the sol-gel 
solution prepared by method SGI. Beads were added to a clear solution and stirred 
for 10 min before filtering through a Buchner Funnel to allow the recycling of any 
unused solution. The beads were then transferred to a silica high-temperature 
crucible and heated at 400°C for lh.
SG3 After method SG2 the beads were coated with a fme layer of TiC>2 but it was 
noticed that some of this material was unattached and could be removed easily with 
gentle rubbing. To avoid this unattached catalyst from interfering in degradation 
experiments a batch of beads were washed in water and any loose material decanted 
off.
SG4 It was found that method SG2 left some beads not fully coated with sol-gel 
prior to firing, partly due to the solution adhesive properties and viscosity and partly 
due to the filtering process, so a batch was produced by firing beads in a solution 
filled crucible.
SG5 A batch of glass beads was coated with P25 TiC>2 by mixing with a slurry in 
water and heating at 120°C until dry.
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SG6 It was decided that using colloidal sols did not give sufficient loadings and 
therefore a batch of beads were coated with Ti0 2  from a fast hydrolysis.
20-30g of beads were added to 50 ml Ti(OC3H7)4 in a 250ml conical flask. 
150ml water was added, first dropwise, then quickly and the mixture stirred. This 
quick hydrolysis produced large flocculated particles and thick coatings. The mass 
containing beads and flocculated material was placed in a crucible and fired at 400° 
C for lh to give a mixture of coated beads and particulate Ti0 2 - After cooling the 
beads were washed and the fine particles decanted off. It was observed that although 
some areas of the beads were thickly coated, there were areas on most beads which 
were catalyst free. In addition thick coatings were easily removed by rubbing and/or 
washing.
SG7 Unsupported particulate TiC>2 was produced using the method SG6 omitting 
the glass beads.
SG8 Alumina extrudates (BDH) were coated using method SG4. The extrudates 
were found not to be catalytically active.
SG9 Silica gel particles (BDH) were coated using method SG4. The silica particles 
were found not to be catalytically active.
SG10 In an attempt to increase the catalyst loading, a batch of glass beads were 
given 3 coats using method SG4, with a 100 °C drying between each coating, and a 
final 400 °C sintering for lh.
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SGI 1 An alternative sol-gel technique [76] using a co-solvent and HC1 as a 
peptising agent was used.
28.4g Ti(OC3H7)4 was mixed with 3 ml of isopropyl alcohol. 3.4g of water 
was mixed with 3 ml isopropyl alcohol and 1.8g HC1. The water/alcohol/acid 
solution was added dropwise to the alkoxide/alcohol solution and a batch of glass 
beads stirred into the mixture. Using this method stable clear colloidal solutions 
were very difficult to produce.
SG12 A method to produce Ti0 2  fibres [90] was used in an attempt to produce 
filaments which could be used in a reactor.
The sol-gel was produced using a ratio of 28.4g Ti(OC3H7)4 :1.8g H2 0 :l 1.3g 
isopropyl alcohol: 1.8g HC1. The alkoxide was mixed with half of the isopropyl 
alcohol and the water was mixed with the remaining alcohol and the HC1. The water 
mixture was added to the alkoxide dropwise and stirred to give a viscous clear 
solution. Heating the solution at 50°C caused the solution viscosity to increase but it 
was found that the point at which fibres could be drawn was quickly passed and the 
solution solidified. It was decided that the method was not stable enough to produce 
a useful catalyst.
3.8.2 Preparation Methods for Coating of Ceramic Beads
Three methods were used to coat the steatite ceramic beads.
(i) A P25 slurry mixed with the beads was evaporated at 120°C and sintered at 
400°C for lh.
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(ii) A standard sol-gel technique SG4 was used along with a modified method 
using 10ml isopropyl alcohol as a co-solvent; and
(iii) A modified sol-gel method using diethanolamine (DEA) as a stabilising agent
The first two methods did not produce a satisfactory coating, only method (iii) 
gave a clear, hard coating which could not be manually removed.
It has been reported [77] that diethanolamine (DEA) along with other 
ethanolamines and glycols were able to suppress the precipitation of the oxides from 
the alcoholic solutions of the metal oxides. This meant that the addition of water 
was less critical and the hydrolysis and subsequent polymerisation reactions could 
be controlled. Thus, rapid gel formation, cloudy solutions of oxide precipitates, and 
solutions of low viscosity leading to poor support coating could all be avoided.
10.5g DEA was added to 28.4g Ti(OC3H7)4 and stirred until thoroughly 
mixed. A mixture of 1.8ml water and 3.6ml ethanol was added dropwise to the 
alkoxide/DEA solution. The sol-gel solution was then poured over a batch of 
ceramic beads and fired at 650°C for lh. The elevated temperature was required to 
burn off carbon deposited from the DEA solution. This method had the advantage 
over standard sol-gel methods of producing viscous, clear solutions without the need 
for heating, aging, or a peptising agent.
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3.9 Heat Treatment
All sintering of Ti0 2  samples, for heat treatment of Ti0 2  tablets and as part 
of the sol-gel preparation techniques, was carried out in a Carbolite CSF 1100 
furnace. Samples were contained in high temperature silica crucibles.
The effectiveness of heat treating TiC>2 tablets was estimated by crushing the 
samples manually, the changes in strength being pronounced and easily observed.
3.10 Batch Photocatalysis
All batch photocatalysis experiments were carried out in the reactor shown in
figure 3.4.
The batch reactor consists of a glass vessel with an inlet and sintered glass 
plate for gas sparging, and a sampling port with septum seal. A quartz inner sleeve, 
with a jacket for cooling, is fitted into the glass vessel with a ground glass seal. The 
UV light source is contained within the quartz sleeve therefore giving a standard 
annular photoreactor configuration. The total reactor volume was 500ml and the 
annular gap was 1cm.
Stock solutions of atrazine were prepared in a volumetric flask and stirred 
until the atrazine had dissolved. Due to the low solubility of atrazine («30 mg/L @ 
20 °C) the stock solutions were filtered before use to remove undissolved solids and 
















Figure 3.4: Reactor for Batch Photocatalysis Reactions.
The amount o f catalyst required for a particular experiment was weighed and 
added to an atrazine solution of the required starting concentration. This mixture 
was then added to the batch reactor. At time=0 a sample was taken with a syringe 
through the septum, the UV lamp turned on, and samples taken from then on at 
regular intervals throughout the experiment as required. Air could be sparged 
through a rotameter to the reactor gas inlet. Sample size withdrawn for direct HPLC
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injection was 0.5 ml (about the minimum vial volume possible). A schematic o f the 










To Sample Preparation 
and Analysis
Figure 3.5: Schematic o f the Batch Reactor Experiments
At the end o f experiments where the reaction intermediates were to be 
analysed by GC-MS analysis, the reactor contents were removed through the drain 
valve and the SPE procedure carried out as in section 3.2.
62
3.11 Pilot Scale Reactor
A schematic of the pilot reactor is shown in figure 3.6a. It consists of a
holding tank from which pollutant solutions are pumped, through a rotameter, to the 
reactor inlets. The inlets were situated at the base of the reactor and were positioned 
so as to impart a swirl motion to the flow in the reactor. The reactor itself was an 
annular type with a quartz inner sleeve, the dimensions shown in figure 3.6b. This 
design was intended to provide both good mixing and a longer residence time in the 
reactor.
The exit from the reactor returns the reactants to the holding tank, passing 
through a water cooled heat exchanger. Samples were taken from a tap beneath the 
holding tank and the catalyst was added through an inlet at the top of the reactor.
In order to prepare low concentrations of atrazine (ng/L) a known amount of 
stock solution was pipetted into the holding tank and diluted with softened water 
until the desired concentration had been reached. The atrazine solution was then 
circulated through the system at a low flowrate until thorough mixing had occurred 
(1 hr). Samples of «1L were collected in brown glass Winchester bottles, the exact 
volume calculated by weighing prior to and after extraction.
A sample at time=0 was taken and the experiment started by switching on the 
UV lamp. Addition of oxygen, which could start at time=0 or at time<0 as desired, 
was controlled and measured by a rotameter and entered the system through two 
sintered glass spargers in each of the reactor inlets. A nitrogen purge through the 
inner sleeve containing the UV lamp expelled air and prevented potentially 





























Cross Sectional Area = 93.3 cm
Reactor Volume= 12.57 L
Figure 3.6b: Pilot Scale Reactor Dimensions.
Dissolved oxygen concentration, pH, and temperature were monitored 
throughout the duration o f the experiment.
At the end o f the experiment the oxygen sparge was stopped, the UV lamp 
turned off and the valve at the bottom of the reactor closed. This prevented catalyst 
from being sucked out o f the reactor and blocking the inlet lines. Once the valve was 
closed, the pump was switched off and the reactor drained. The apparatus was then 
rinsed thoroughly with softened water prior to the next experiment.
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3.12 Other Free-Radical Generating System s
Atrazine degradation experiments were also carried out using two systems
where free-radical reactions are known to play a part. This was done to compare the 
reaction intermediates formed with those detected from photocatalysis experiments.
Fentons reagent is a known hydroxyl free-radical generating system and has 
been used to study the dealkylation of s-triazine herbicides [91].
3.12.1 Sonication of Atrazine
In the sonication experiment, 50 ml of 30 mg/L atrazine dissolved in UHQ
water was sonicated for 2h in a “Soniprep 150” at a power level of «28 W cm*2 . 
Samples were taken from solution at regular intervals and analysed by HPLC and 
GC-MS analysis as described previously.
3.12.2 Fentons Reagent Experiment
In the experiment carried out with Fentons reagent, 10 ml of a 30% solution
of acidified hydrogen peroxide was added to 100 ml of an atrazine solution 
containing 8 g of ferrous sulphate-hexahydrate. The solution was stirred for 1 h. At 
the end of this period a sample was extracted and analysed by GC-MS as described 
previously.
3.13 Curve Fitting
All fitting of experimental data to model equations was carried out using the 
UltraFit software package (Biosoft, Cambridge, UK). Ultrafit is a non-linear curve 
fitting package which allows data to be fitted to either one of a number of preset 
basic equations (such as exponential decay / first order kinetics) or to user defined
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equations. The package uses the Marquardt algorithm which is a standard non-linear 
least-squares method.
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4 Results and Discussion
The presentation of experimental results and discussion will be divided into 2 
main sections corresponding to results obtained with either a small-scale batch 
reactor or the large-scale pilot reactor.
(i) Batch scale experiments were carried out, initially to provide real 
samples for the validation of the sample preparation and analysis techniques chosen, 
and also to provide data on the degradation rates of atrazine found in a batch 
photoreactor. The effect of some important experimental variables were 
investigated, in particular those which would play an important part in any system 
treating potable (domestic) water.
Samples from these batch experiments were also used to determine the 
presence of reaction intermediates by GC-MS analysis, as described in section 3.3.2.
(ii) Pilot scale experiments were carried out to examine the effectiveness 
of the photocatalytic treatment of low levels of atrazine (ng/L) using a number of 
catalyst types in the reactor described in section 3.11.
In section 4.3 the supported catalysts which have been prepared for use in the 
photocatalytic reactors are discussed. Included are SEM pictures of some of the 
coated glass beads and results from the methyl viologen assay used as a measure of 
catalytic activity.
Results from the actinometry experiments are given in section 4.4 and the 
kinetic analysis of atrazine and reaction intermediate data is shown in section 4.5.
4.1 Batch Scale Degradation of Atrazine
A typical set of experimental data obtained from a batch degradation of 
atrazine is shown in figures 4.1a-d. The HPLC traces show a number of important 
points:
(i) The peak height corresponding to atrazine reduces with time
(ii) A number of peaks corresponding to reaction intermediates appear at times >0
(iii) With time, the intermediate peaks shift to shorter retention times.
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The reduction in the atrazine peak points to the loss of the primary compound 
although the corresponding appearance of a number of other peaks shows that this is 
not destruction (mineralisation) but a conversion to intermediate products. The 
number of these additional peaks also suggests that the destruction process is 
complex and that at any one time in the degradation process there will be a range of 
intermediates present.
In general, as the atrazine molecule is broken down, the intermediates become 
smaller (lower molecular weight), more polar in character as they become hydroxy 
substituted, and show less retention on the reverse phase C8 HPLC packing. As has 
been shown in section 3.3.1, the retention times for known reaction intermediates 
follow the trend:
atrazine> desethyl atrazine> desisopropyl atrazine> desethyl-desisopropyl atrazine
It can be seen from figure 4.1 that as the reaction proceeds the peak 
corresponding to desethyl-atrazine (at retention time 9.3 min) increases, as it is 
formed from the parent molecule, and then decreases as it, in turn, is degraded into a 
smaller or more polar intermediate. Figure 4.Id illustrates a reaction time at which 
atrazine (retention time 17.2 min), desethyl atrazine, a low concentration of 
desisopropyl atrazine (retention time 6.4 min), and desethyl-desisopropyl atrazine 
(retention time 3.6 min) are all present.
A graph showing these changes in atrazine and intermediate concentration 
with reaction time for typical experimental data is shown in figure 4.2.
For this experiment, after a reaction time of 60 min, concentrations of 
atrazine, desethyl and desisopropyl intermediates have been reduced to below 




Figure 4.1: Typical Set of Experimental HPLC Traces Obtained From the
Batch Degradation of Atrazine. Top- 0 min, 5 min, 15 min, 30 min, 





0 15 30 45 60 75
Time (min)
O  Atrazine □  Desethyl Atrazine x2 
Desisopropyl Atrazine x2 •  Desethyl-Desisopropyl Atrazine x2
Figure 4.2: Example o f the Degradation of Atrazine and Intermediate
Production. (Concentration of Intermediates x2 for Clarity)
Results obtained from these HPLC analyses offer little insight into reaction 
schemes, but the possible pathways involved are discussed later in section 4.1.2.
At the reaction times studied and for most catalyst types, little or no reduction 
in desethyl-desisopropyl atrazine or production o f cyanuric acid (the final product 
formed by the photocatalytic degradation o f atrazine found in other studies 
[40,48,38]) was found.
In the following discussion of experimental results the rates o f formation of 
the major intermediates, and in particular the desethyl-desisopropyl compound, has 
been used as a further indication of the effectiveness of the degradation process 
rather than relying solely on the rate o f degradation of the parent compound, 
atrazine.
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4.1.2 Identification of Reaction Intermediates
As has already been shown, results from HPLC analysis show that a large 
number of reaction intermediates are formed in the photocatalytic degradation of 
atrazine. By comparison with the retention times found for pure standards, the 
presence of the major dealkylated molecules found by other studies [48,57] has been 
confirmed. In order to give a more definite confirmation and to attempt to identify 
some of the other intermediates, samples from batch scale degradation experiments 
were extracted, concentrated by SPE, and analysed by gas chromatography - mass 
spectroscopy using the procedure described in section 3.2.
A typical set of results from one such analysis, including GC trace and peak 
spectra analysis, is shown in figure 4.3.
Using the HP Chemstation software, a library of spectra data can be searched 
for each peak, the results matched to a table of possible compounds, with a 
corresponding value for the accuracy of the fit expressed as a percentage.
For compounds not held in the software library or for matches where there is 
only a poor fit, possible compounds may be identified by knowledge of the possible 
reaction pathways and a manual interpretation of the mass spectra.
A number of experiments were carried out specifically for GC-MS analysis 
using high initial atrazine concentrations (to maximise intermediate concentrations), 
short reaction times (to maximise to range of intermediates). Data from other 
reaction systems known to involve free radical mechanisms (sonication [92], 
Fentons reagent [93]) was also obtained.
Data from each separate experiment is presented in tabular form in appendix 
B1 giving the mass ion, the position of the other major ions, information on whether 
a Cl atom is present (shown by the chlorine isotope mass appearing 2 units higher 
than the mass ion at approx. 1/3 of the abundance), and a cross reference with a 
known compound structure shown in figure 4.4a or a possible compound structure 
shown in figure 4.4b.
72
Pages 74-84




Date Acquired: 23 Aug 92 1:07 am
Method File: atreyth7.M

















Date Acquired: 23 Aug 92 1:07 am
Method File: atreyth7.M
Sample Name: Extraction from R12
Misc Info:
ALS vial: 2













291 2 0 0
60






20 60 70 8030 40 50 90 100 110 120 130
75
Library Searched : NBS49K.L 
Quality : 42
ID : 1,3,5-Triazine-2, 4 ,6 (1 H ,3H,5H)-trione













1000 14 39 103
10 20 30 50 60 70 80 90 100 110 120 130M/Z 40- >











1 0 0 0 29
36
112
60 70 80 90 100 110 120 130M/Z -> 10 20 30 5040
76
Library Searched : NBS49K.L 





















1 0 0 0 29
36
112




Date Acquired: 23 Aug 92 1:07 am
Method File: atreyth7.M
Sample Name: Extraction from R12
Misc Info:
ALS vial: 2
Abundance Scan 402 (7.427 min): 0201002.D
128
105000


























Date Acquired: 23 Aug 92 1:07 am
Method File: atreyth7.M

































Date Acquired: 23 Aug 92 1:07 am
Method File: atreyth7.M
Sample Name: Extraction from R12
Misc Info:
ALS vial: 2






















80 10060 12020 40 140 160 180
80






ALS v i a l :
H :\RUNR12\0201002.D 
David
23 Aug 92 1:07 am
atreyth7.M
Extraction from R12
Abundance Scan 1335 (14.740 min): 0201002.D
3 0 0 0
2 8 0 0
127
2 6 0 0




1 8 0 0
1 6 0 0
1 4 0 0
1200
1000









Date Acquired: 23 Aug 92 1:07 am
Method File: atreyth7.M





0 2 0 1 0 0 2 . DScan 1385 (15.132 min
1 0 5 0









7 7 1 7 06 5 0
















Date Acquired: 23 Aug 92 1:07 am
Method File: atreyth7.M




2 4 0 0  -
2 2 0 0
2000




1 8 0 0
1 6 0 0  -
1 4 0 0
1200







1 5 1 2 7




Date Acquired: 23 Aug 92 1:07 am
Method File: atreyth7.M
Sample Name: Extraction from R12
Misc Info:
ALS vial: 2
Scan 1802 (18.399 min): 0201002.DAbundance
5 5 0 0  -
5 0 0 0
1 5 44 5 0 0
4 0 0 0
3 5 0 0
3 0 0 0
2 5 0 0
1 4 0
2000
43 1 6 71 5 0 0  -
6 9
1 2 5
1 0 0 0 2 8
1 4
5 0 0
M/Z -> 20 40 60 80 100 120 140 160 180
84
The deduction of compound structure is based on the ionisation of major side 
groups each giving rise to an ion at a value of (mass ion - molecular weight of 
fragment) known as a neutral loss. Some of these characteristic neutral losses are 
given in table 4.1.
Table 4.1: Some Characteristic Mass Spectroscopy Neutral Losses.
Mass Composition Possible Functionality
15 c h 3 methyl
16 c h 4 methyl
n h 2 amide
17 OH acid, tert. alcohol
18 H20 alcohol, aldehyde
26 c 2h 2 aromatic
28 CO phenol
29 c 2h 5 alkyl
30 c h 2o methoxy
31 c h 3o methoxy
35 Cl chloro compound
36 HC1 chloro compound
42 c h 2c o acetate
43 c 3h 7 propyl
It has also been found [94] that the mass spectra of the closely related s- 
triazines, simizine and propazine, give rise to a number of characteristic low mass 
ions (m/e 42,43,44,55,62,69,87,104,110) and the presence of some of these in the 
spectra of atrazine intermediates also gave confirmation that these were indeed 
triazine intermediates.
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The spectra of the parent molecule atrazine showed decomposition with loss 
of CH3 and CH3CH=CH2 to give the m/e 200 and 173 ions. Spectra obtained for 
atrazine and known intermediates, where standards are available, are shown in 
appendix B2 and the spectra data obtained from degradation experiments are shown 
in appendix Bl. Using the analysis techniques described above, comparing possible 
neutral ion losses with known reaction pathways, possible structures for some of 
these compounds have been hypothesised and are shown in figure 4.4b.
It should be noted that in order to confirm these compounds, further work, not 
covered in this study, would be necessary using purified standards. It can be said 
however that a number of oxidised compounds with substituted CH3O, C=0 and 
CHO groups have been tentatively identified. These are all oxidised forms of 
atrazine or dealkylated intermediates, which would be expected in a highly oxidising 
environment such as that found in a photocatalytic reaction system.
An important practical outcome of this study is the number and range of 
intermediate compounds formed. This would be undesirable in the validation of any 
such system used for water purification. The process which makes photocatalytic 
oxidation an effective destructive purification method, namely the presence of 
highly oxidising hydroxyl free radicals, is also one of the major drawbacks. The 
indiscriminate and complex reaction scheme can lead to the potential formation of 
many complex intermediate forms via free radical reactions. In addition it can be 
assumed that in a multicomponent system where the number of possible side 
reactions is increased, the formation of reaction intermediates will be further 
complicated and the presence of potentially harmful compounds will be difficult to 
predict.
The major intermediates found in previous studies on atrazine degradation 
[48,57] namely desethyl, desisopropyl atrazine, desethyl-desisopropyl atrazine and 
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Figure 4.4a: Previously Identified Reaction Intermediates from the
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Figure 4.4b: Further Reaction Intermediates Identified from the Photocatalytic
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Figure 4.5: Proposed A trazine Degradation Reaction Pathway [48].
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A full list of intermediates found in a number of studies on atrazine 
photocatalytic degradation are shown in figure 4.4a. These compounds A - K have 
been incorporated into a reaction scheme [48] as shown in figure 4.5.
The major dealkylated intermediates (E,F,H) have all been identified in the 
present study. An oxidised intermediate m/e 229 has also been found with a similar 
spectra as reported for compound C. Slight variations in the spectra of compounds 
having am/e 229 are shown in the case of two experiments, that using Fentons 
reagent (a known free-radical generating system - ferrous sulphate/F^C^/F^SC^) 
and an experiment using the cuvette micro reactor, show two distinct peaks from the 
GC trace both with m/e 229 and with slightly differing spectra. In the absence of 
collaborating evidence it can be assumed that either this represents compound B or 
compound D (a loss of 28 giving an ion at 201 compared with an ion at 214 for a 
loss of CH3, suggesting a CHO group loss.
In addition to these compounds identified previously, a number of additional 
compounds were identified. These often appeared in experiments with differing 
conditions suggesting experimental error can be discounted. Possible structures for 
these compounds are shown in figure 4.4b. Compound P has previously been 
identified as a reaction intermediate for propazine degradation [94].
Compounds with an OH substitution, i.e. compounds A, S and T, were found 
only in one experiment (R12) . Cyanuric acid was also detected in this run and RIO 
and R13.
The other compounds are all variants having the chlorine molecule replaced 
by either H, CH3O, and other oxidised groups.
In general it is difficult to come to any firm conclusions about the range and 
type of intermediates for the different experimental conditions, but a number of 
interesting points occur:
(i) There are noticeable difference in intermediates between catalyst types with 
experiments carried out using TiC>2 manufactured in the lab showing more oxidised 
compounds. (R12, R13, R15)
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(ii) WDB Ti0 2  which was found to show faster atrazine degradation rates than 
P25 Ti02 (see section 4.1.4.2) also shows cyanuric acid as a reaction intermediate 
(RIO) whilst only desethyl-desisopropyl atrazine was found in P25 degradations 
(R9).
(iii) Desisopropyl atrazine is only detected in the control (no catalyst) experiment. 
A number of other experiments show the presence of desethyl atrazine and desethyl- 
desisopropyl atrazine together. This may suggest that with some catalyst types 
reaction may be via the desethyl intermediate bypassing the parallel reaction via 
desisopropyl atrazine altogether. In general this shows that reaction mechanism is 
dependent on catalyst type.
(iv) Reactions using free-radical generating systems (Fentons and Sonication) 
show similar intermediates as photocatalytic systems, namely desethyl atrazine and 
oxidised atrazine, but the number and range of intermediates formed is less. This 
may be a function of the relative effectiveness of the systems and/or the reaction 
mechanisms being more selective.
(v) The difference in intermediates formed with different types of TiC>2 is further 
evidence that the major reactions are heterogeneous in nature. Differences in the 
catalyst surface and crystal structure obviously effect the reactions which occur at 
the particle surface. If the reactions were homogeneous, with hydroxyl radicals 
diffusing away from the catalyst and reacting in solution, it would be expected that 
the distribution of reaction intermediates for each catalyst would be the same.
4.1.3 Effect o f Atrazine Concentration on Degradation Rate.
It is known that most photocatalytic reactions show increased reaction rates 
with an increase in substrate concentration [51] and since, in a system for potable 
water treatment, pollutant concentrations would be very low it is important to look 
at how the effectiveness of the degradation process is effected by atrazine 
concentration.
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A series o f experiments was therefore carried out, with identical conditions 
except for the initial atrazine concentration.
A graph o f atrazine concentration vs. reaction time for this series is shown in 
figure 4.6a. It can be seen that the slope of the initial atrazine degradation rate 
increases with increasing initial atrazine concentration. It can also be seen from 
figures 4.6b-d that reaction intermediate concentrations also follow a similar trend, 
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Figure 4.6a: Effect o f Initial Atrazine Concentration on Degradation Rate.
Catalyst Loading (P25) 0.05 g/L; 7.5 mg/L O2  .
If  the initial rate is plotted vs. atrazine concentration, as in figure 4.7, it can 
be seen that the data can be fitted to a typical Langmuir-Hinshelwood kinetic model. 
This model describes reaction rates which increase with increasing substrate 
concentration approaching a constant limiting value. Figure 4.7 shows that in the 
concentration range studied (limited by the solubility o f atrazine in water 30 mg/L 
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Figure 4.6d: Effect o f Initial Atrazine Concentration on Desethyl Atrazine
Concentration.
Fitting the data to an equation o f the form:
k cat ^
Initial Rate= ---------------  (4.1)
Km+ S
where S=substrate concentration (mg/L)
Km = the Michaelis constant (mg/L) 
kcat = the maximum reaction rate (mg/L.min) 
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Figure 4. 7: Dependence of Initial Rate o f Atrazine Degradation on Initial
Concentration.
Further discussion o f Initial Rate-Concentration data can be found in section
4.5.
If the individual degradation rate data shown in figure 4.6a is fitted to a first 
order kinetic model using the Ultrafit software (section 3.13) using a first order 
degradation equation:
C=C0 * exp(-k’ * t) (4.2)
where,
C = Atrazine Concentration.
Co = Atrazine Concentration at time t. 
k ’ = First order rate constant, (min-1) 
t = time (min)
the results are shown in table 4.2.
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Table 4.2: First Order Rate Constants (k) and Half-Life (t0 5) for Atrazine
Degradation.
Initial Atrazine 






Many studies of photocatalytic reactions mediated by semi-conductor 
particles have fitted rate data to a equation from the Langmuir-Hinshelwood (L-H) 
kinetic model originally postulated for reactions at gas/solid interfaces, where 
adsorption of the gas substrate was assumed prior to reaction [65,41,95,63,96], 
Initial rates of reaction as a function of increased organic substrate concentration, 
for a given photocatalyst loading give experimental plots of the form found here in 
figure 4.7, many showing limiting rate behaviour. This has led some workers to 
argue that this is evidence that the photocatalytic process is essentially 
heterogeneous in nature, the reaction occurring at the catalyst surface [22]. 
However, expressions derived from theoretical analysis of a whole range of possible 
reaction mechanisms [13] show the same kinetic behaviour as described by the L-H 
model, irrespective of the mode of reaction. That is, an equation of the same form as 
the L-H model can describe photocatalytic behaviour irrespective of whether (i) the 
oxidising species and the substrate are both adsorbed, (ii) both species are in 
solution, (iii) the oxidising species is adsorbed and the substrate is in solution, or
(iv) the substrate is adsorbed and the oxidising species is in solution. To attribute a 
mechanistic description to the photocatalytic process on the basis of observed 
kinetics alone is therefore not possible. The examples of the L-H relationship, the
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Michaelis-Menten model in enzyme kinetics, and examples of homogeneous 
reduction reactions are all manifestations of the more general group of saturation- 
type kinetic models.
4.1.4 Effect of Catalyst Type
It was important to evaluate different catalyst types and forms in order to 
assess their catalytic activity in comparison with each other and with the standard 
research material, Degussa P25.
This comparison was carried out in the batch system, as described in section 
3.10, where small quantities of powder, supported catalyst and tableted forms could 
be easily compared and their catalytic effectiveness measured. There are a number 
of problems in making a quantitative comparison between different catalyst types 
since other factors such as particle size, TiC>2 loading, and porosity can all vary, 
together with any difference in catalytic effectiveness.
The following sections, as well as looking at some different catalyst forms, 
also look at comparisons of commercially available powdered TiC>2 and the 
differences between some different metal oxides photocatalysts.
4.1.4.1 Supported Catalyst and Crushed Tablets
Figure 4.8 shows the percent atrazine degradation obtained with some of the 
different types of catalyst studied; Degussa P25 powder; two forms of coated glass 
beads; and a sample of crushed P25 tablets. As a comparison, results from a control 
experiment with no catalyst-UV light only are also shown.
Figure 4.8 is not a quantitative comparison of the effectiveness of these 
different types although it does indicate general trends. This is because, as has been 
already stated, a meaningful comparison of powders, crushed tablets, and supported 
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Figure 4.8: Atrazine Degradation for Different Catalyst Types. Initial Atrazine
Cone. 30 mg/L;300 cm/min air sparge. (7.5 mg/L O2  ■) Catalyst 
Loading lg  P25; lOg Supported Catalyst and Crushed Tablets.
It can be seen that glass beads coated with a sol-gel derived catalyst layer, 
from method SG3, show a poor atrazine degradation rate compared with a no 
catalyst-UV only control experiment. Catalyst obtained from crushed tablets and 
glass beads coated with Ti0 2  precipitates from a fast hydrolysis, SG6 , show 
degradation rates close to that of a powdered catalyst such as P25.
From these preliminary results it appeared that either large particles o f bulk 
catalyst (tablets) or a supported catalyst would possess the required catalytic activity 
(compared to P25) and would therefore provide a potential catalyst system for the 
pilot scale reactor.
Further discussion about the supported catalysts which have been prepared 
can be found in section 4.3.1 which includes SEM pictures o f coated glass beads and 
section 4.3.2 which presents some results from the methyl viologen assay technique 
for measuring photocatalytic activity.
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4.1.4.2 Comparison of Commercial Ti02 Powders
A better comparison of different types o f TiC>2 is between Degussa P25 and 
SCM WDB which are both commercially available powders. Even here differing 
surface areas/unit volume, dispersion characteristics, and surface charges etc. can 
play important effects so again it is not a straight comparison of catalytic activity.
Results o f batch degradations using identical loadings o f both catalysts are 
shown in figures 4.9a-c for concentrations o f atrazine, desethyl-desisopropyl 
atrazine, and a polar compound with retention time 1.8 min .
A first-order plot o f ln(C/C0) against Reaction Time for the two commercial 
catalysts, P25 and WDB, is shown in figure 4.10 and curve fitting gives first-order 
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Figure 4.9a: Comparison of Atrazine Degradation for Commercial Ti02












Figure 4.9b: Comparison of Desethyl-Desisopropyl Atrazine Concentration for  












Figure 4.9c: Comparison o f a Polar Intermediate (retention time 1.8 min) for









Figure 4.10: First-Order Plot for Atrazine Degradation using Commercial 
Catalysts.
The results shown in figures 4.9 and 4.10 show that the WDB material is the 
more effective catalyst at removing atrazine in the batch system. Also shown, in 
figure 4.9b, is that the time taken to reach the maximum concentration o f desethyl- 
desisopropyl atrazine is less for the WDB TiC>2 . Figure 4.9c shows the peak height 
corresponding to a more polar intermediate than desethyl-desisopropyl atrazine, 
possibly cyanuric acid, and shows that levels o f this compound are 4 times higher 
after 60 minutes illumination for WDB TiC>2 .
These results show atrazine degradation rates are higher when using WDB 
TiC>2 and that the process towards mineralisation is also enhanced compared to P25.
4.1.4.3 Comparison of Metal Oxide Semiconductor Type.
Although it had already been decided to look at the use o f titanium dioxide as 
a catalyst for atrazine degradation because o f it’s widespread use, availability, 
known stability to photocorrosion and suitability for photocatalytic reactions, it was
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interesting to look at a comparison with some other photocatalytically active metal 
oxides.
A comparison was therefore made with magnesium oxide (MgO) and zinc 
oxide (ZnO) and the results shown in figures 4.11a and 4.1 lb.
Rate constants calculated by fitting the data to a first order kinetic model are 
shown in table 4.3.
Table 4.3: First Order Rate Constants for Different Semiconductor Types.
TiOz ZnO MgO
k’ (min *) 0.088 0.127 0.056
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Figure 4.11a: Effect of Semiconductor Catalyst Metal Oxide Type on Atrazine 
Degradation in the Batch Reactor. Initial Atrazine Cone. 10 mg/L; 
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Figure 4.11b: Effect of Semiconductor Catalyst Metal Oxide Type on Desethyl- 
Desisopropyl Atrazine Production in the Batch Reactor.
It can be seen that MgO is far less effective as indicated both by atrazine 
degradation rate and desethyl-desisopropyl atrazine production rate. ZnO on the 
other hand shows an increased rate o f atrazine degradation and a similar rate of 
desethyl-desisopropyl atrazine production as found with Ti0 2 -
It has been reported however that Zn+ ions have been found in solution after 
photocatalytic reactions suggesting that it is not as stable as Ti0 2  and certainly not 
suitable for potential water treatment applications [97].
4.1.5 Effect o f Catalyst Loading on Degradation Rate.
It has been reported in many studies that for powdered catalyst there is an 
increase in degradation rate with loading, reaching an optimum. Above this 
optimum, an increase in TiC>2 concentration prevents UV penetration into the 
reaction mixture and degradation rates can actually fall [97,42,98],
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The UV absorbance o f a chosen catalyst, at wavelengths taking part in 
photocatalysis, is an important factor in determining the overall reaction rates. In 
any comparison between catalyst types a measure o f the amount o f UV absorbed 
will be useful in explaining any differences in observed reaction rates.
In order to investigate the importance o f UV absorbance, a comparison of the 
effect o f concentration on UV transmission between the two commercial powdered 
catalyst forms was carried out. The transmission of different concentrations was 
measured in a UV spectrophotometer (Cecil 3000 Series), in a 1cm path length 
cuvette at 350 nm, the results shown in figure 4.12.
Figure 4.12: Effect o f Concentration on Transmission at 350nm of Commercial
These results show that, for both TiC>2 types, concentrations above 0.2 g/L 
show no transmission at path lengths > lcm  for UV light o f 350nm. Degussa P25 
shows more absorbance (and therefore less transmission) at lower concentrations. 
These differences can be explained either by differences in particle size distribution, 
the presence o f smaller particles in the distribution having an effect at low
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concentrations or differences in surface properties leading to light scattering and 
reflection effects.
As has already been shown in section 4.1.4.2 and figure 4.11 the WDB 
catalyst is more effective than P25 and although that data was obtained at higher 
loadings than those where transmission effects play a part it shows that measures of 
UV absorbance alone are not enough to compare catalysts.
Results from a series o f experiments using different loadings o f WDB Ti0 2  to 
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Figure 4.13: Effect o f Catalyst Loading on Atrazine Degradation.Initial Atrazine
Cone. 6.0 mg/L; 7.5 mg/L O2  ■
Figure 4.13 shows that increasing the loading o f WDB TiC>2 above the point 
where an increase in absorbance alone is a factor («0.2 g/L) leads to an increase in 
atrazine degradation rate. First order rate constants are shown in table 4.4.
It can be seen that there is only a small increase in reaction rate on a large 
increase in the catalyst loading (x 80).
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Table 4.4: First Order Rate Constants for Different Loadings o f WDB Ti02




This shows that the apparent optimum loading from transmission 
measurements will not necessarily be that found from reaction rate data. This can be 
explained by the fact that:
(i) mixing occurs in the batch reactor leading to a turnover of catalyst in the 
region close to the UV light; and
(ii) substrate adsorption will be dependent on the amount of catalyst present in the 
reactor.
4.1.6 Effect of Inorganic Ions on Degradation of Atrazine
A well defined system is essential in order to measure the degradation rates of 
a single compound and therefore the batch experiments were carried out using 
solutions of atrazine made up in ultrapure water, eliminating other effects due to 
impurities in solution. To apply photocatalysis to a system which could be used to 
treat “real” water however, the effect of inorganic ions on the degradation rate 
needed to be ascertained.
In order to look at the effect of inorganic ions a series of experiments was 
carried out using Degussa P25 and commonly occurring anions and cations at 
typical concentrations (mg/L).
CaC0 3 , KC1, Na2SC>4, and NaNC>3 were used at concentrations in the range 
13 mg/L to 250 mg/L, at a constant P25 concentration of 0.1 g/L.
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Figure 4.14 shows the effect of each inorganic ion (concentrations 15-23 
mg/L) on the degradation of atrazine expressed as a percent destruction. It shows 
that the addition o f these inorganic ions improves degradation rates compared to a 
control using P25 powder in ultrapure water.
The effect o f these different ions on the concentrations o f the major reaction 
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Figure 4.14: Effect o f Inorganic Ions on Degradation of Atrazine in the Batch
Reactor. Initial Atrazine Cone. 15 mg/L; 7.5 mg/L O2  ■
It was expected that the addition of inorganic ions would have a negative 
effect on the oxidation rate, as observed in previous studies [6 8 ], but the observed 
results show that degradation rates are actually enhanced. The only deviation from 
this observation is in the case o f desethyl-desisopropyl atrazine production in the 
presence o f NaNC>3 where rates are less than those found in ion-free water. This can 
be explained by a UV shielding effect o f nitrate ions which absorb light at UV 







0 20 40 60
Time (min)
CaC03 ®  KC1 O Na2S04 •  NaN03 ^  Inorganic Ion Free




20 30 40 500 10
Time (min)
CaC03 H  KCl O Na2S04 ®  NaN03 ^  Inorganic ion Free










0 10 20 30 40
Time (min)
□  CaC03 H  KC1 O Na2S04 9  NaN03 — A —  Inorganic ion Free
Figure 4.15c: Effect of Inorganic Ions on Desethyl Atrazine Concentration.
This overall rate enhancement may possibly be explained by a possible 
dispersion effect, the addition of inorganic ions preventing particle-particle 
agglomeration, dispersing fine particles and improving the efficiency of the catalyst 
by increasing the available surface area for photocatalytic reaction. This effect could 
outweigh any detrimental effect due to competitive reactions for oxidising radicals 
taking place between the inorganic ions and atrazine or blocking of catalyst active 
sites at the low ion concentrations examined here.
It can also be seen that degradation rates in the presence o f inorganic ions 
deviate from a first order model. Initial degradation rates are lower than expected 
giving an “ S-shaped” curve in the cases o f 23 mg/L KC1 (figure 4.16a), NaNC>3 
(figure 4.18a), and CaCC>3 (figure 4.14). This lag on the observed degradation rates 
could be explained by two possible mechanisms:
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(i) A dispersion effect being linked with charge build-up due to the 
photocatalytic effect. A short period of illumination is required before any change in 
surface charge and then in size distribution is observed.
(ii) The diffusion of organic molecules to the catalyst surface sites being affected 
by the presence of inorganic ions. The adsorption of inorganic ions being favoured 
in the dark. Thus before illumination the catalyst surface sites are saturated with 
inorganic ions, the rate of organic degradation being retarded by the need for 
diffusion to the catalyst surface and replacement of the inorganic ions.
The proposed dispersion effect appears to be reversed in the case of SCM 
WDB. When a sample of WDB is added to tap water the dispersion is very poor 
compared to a suspension in UHQ where the dispersion is spontaneous giving a 
paint-like suspension, (see section 4.1.7)
The effect of inorganic ion concentration on atrazine degradation has been 
examined for KC1, Na^O^ and NaN03 and the results obtained are shown in 
figures 4.16-4.18.
The effect of increasing the concentration of both KC1 and NaS0 4  was to 
decrease the rate of atrazine degradation and to reduce the rate of individual 
intermediate production. In the case of NaNC>3 the rates of intermediate production, 
especially the desethyl-desisopropyl compound, were increased on a change in 
concentration from 15 to 244 mg/L.
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Figure 4.16a: Effect o f KCl Concentration on Atrazine Degradation. Initial 
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Figure 4.17a: Effect o f NaSOj Concentration on Atrazine Degradation.lnitial 
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Figure 4.17c: Effect o f NaSO4  Concentration on Desisopropyl Atrazine
Concentration.
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Figure 4.18a: Effect o f NaNO^ Concentration on Atrazine Degradation.Initial 
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F igure 4 .18d: E ffect o f  NaNO  3 Concentration on D esethyl A trazine Concentration.
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It should be noted that the previous work carried out on inorganic ions[68] 
used an immobilised coating of TiC>2 on glass and this could have an effect on the 
observed results. More importantly the data was obtained at a solution pH < the 
point of zero charge (PZC). For Degussa P25 a value of 6.3 pH units has been 
reported[99] for the PZC and at pH< this value the surface of the catalyst will be 
positively charged. This means that anions such as chloride, nitrate, sulphate and 
carbonate will be attracted from the surface and any detrimental effect on 
degradation rates will be greatest. Further work[99] has confirmed that at pH 8-13 
no effect on degradation rates of 3-chlorophenol was found in the presence of 
inorganic ions.
Other possibilities which may explain the results in this present study include 
the possibility of increased atrazine adsorbance in the presence of inorganic ions or a 
possible scavenging reaction reducing electron-hole recombination and therefore 
increasing photocatalytic reaction rates.
There is evidence of catalyst dispersion effecting degradation rates in a study 
on phenol over an anatase form of Ti0 2  [41]. It was found that stirring of a catalyst 
solution reduced the average particle diameter dp from 1.88 pm to 0.98 pm for 15 
min and 60 min respectively. The effect of illumination further reduced dp due to an 
accumulation of surface charge on the catalyst surface. When compared to the case 
of a poorly stirred solution, this effect of stirring and illumination on particle size 
resulted in increases in UV light absorbance and hence increased reaction rates.
4.1.7 Effect of Tap Water Compared with UHQ Water
In order to examine the effect of a “real” system, likely to be encountered in 
any industrial application of photocatalytic oxidation in water treatment, a 
comparison was made of a batch atrazine degradation in UHQ water and Bath mains 
tap water. SCM WDB TiC>2 was used for this study as it had already proved to be 
the most effective powdered catalyst for the degradation of atrazine.
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When suspensions o f the WDB catalyst were prepared it was noted that the 
dispersion characteristics in UHQ and tap water differed markedly. When WDB 
Ti0 2  was added to UHQ water it formed a spontaneous opaque paint-like 
dispersion. When the same material was added to tap water the dispersion was very 
poor, the material appeared to agglomerate and precipitate out o f solution. The 
dispersion could be improved by mixing but the dispersion was not stable and 
agglomerates appeared to reform in a matter of minutes.
In the batch degradation experiments themselves, the catalyst solution was 
mixed by gas sparging and thus the problems of the catalyst settling out did not 
occur. The results presented in figure 4.19 show that the inorganic ions, dissolved 
organic matter and other factors present in tap water, together with any changes in 
particle size distribution, have a detrimental effect on rate o f atrazine degradation 
and rates o f reaction intermediate production and degradation.
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Figure 4.19 a: Comparison o f the Effect o f Tap Water and UHQ Water on Atrazine 
Degradation using WDB Ti02 Initial Atrazine Cone. 5mg/L; 7.5 
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Figure 4.19b: Comparison of the Effect o f Tap Water and UHQ Water on
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Figure 4.19c: Comparison of the Effect of Tap Water and UHQ Water on











WDB UHQ Water 
WDB Tap Water
Figure 4.19d: Comparison of the Effect of Tap Water and UHQ Water on 
Desethyl-Desisopropyl Atrazine Concentration using WDB TiO2
It can be seen from figures 4.19c and 4.19d that concentrations of 
desisopropyl and desethyl-desisopropyl atrazine for the experiment carried out in tap 
water show slow increases and little subsequent degradation. This behaviour can be 
explained by fouling o f the catalyst surface and blocking o f active sites by 
compounds present in tap water (inorganic ions and/or dissolved organic material).
First-order rate constants for atrazine degradation using WDB TiC>2 f ° r both 
systems are shown in table 4.5:
Table 4.5: First Rate Constants for Atrazine Degradation Using WDB TiO2
in Tap and UHQ Water.
k’ (min *) to.s (min)
Tap Water 0.177 6.18
UHQ Water 0.253 2.76
120
In order to compare the degradation rates of atrazine in tap water and 
ultrapure water without encountering the possible problems of dispersion and 
differences in size distribution described above, it was decided to compare the rates 
found when using a form of Ti0 2  which is not subject to these dispersion effects 
and therefore samples of crushed tablets were used.
The results obtained are shown in figure 4.20 and show that again in this case 
the rates of degradation in UHQ water are significantly greater than those in tap 
water.
The poor degradation in tap water also shows evidence of reaching a limiting 
value or “plateau” the percent atrazine remaining at « 10% at long reaction times 
>100 min.
First-order kinetic constants for the two systems are shown in table 4.6.
Table 4.6: First Order Rate Constants for Atrazine Degradation Using
Crushed Tablets in Tap and UHQ Water.
k’ (min _1) to.s (min)
Tap Water 0.0579 11.32
UHQ Water 0.154 4.623
There is also some evidence that the use of tap water has a detrimental effect 
on the catalyst since a repeat of the UHQ experiment using a batch of catalyst used 
in the tap water experiments showed a decrease in degradation rate. This cumulative 
effect on catalyst fouling has been reported [51], the activity having to be restored 











Figure 4.20a: Comparison o f the Effect of UHQ Water and Tap Water on the 
Degradation of Atrazine using Crushed TiO 2  Tablets.
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Figure 4.20b: Comparison of the Effect o f UHQ Water and Tap Water on the 
Concentration of Desethyl-Desisopropyl Atrazine using Crushed 
HO2  Tablets.
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These results obtained with tap water are important since they show that 
degradation rates and possible catalyst fouling are greatly effected by compounds 
present in potable water supplies.
4.2 Pilot Scale Photocatalytic Degradation of Atrazine
Experiments in the pilot scale reactor, as described in section 3.11, were 
carried out at atrazine concentrations at the ng/L level to simulate conditions in 
“real” potable water sources. Initially, batches of crushed and whole TiC>2 tablets 
were used as catalyst, followed by tablets which had been heat treated to improve 
their attrition resistance, coated ceramic beads, and finally P25 powder. All reactions 
were carried out using softened Bath mains water.
4.2.1 Experimental Problems
4.2.1.1 Analytical Problems
There were a number of analytical problems specific to the pilot-scale 
experiments. Firstly, reaction intermediates could not be detected due to low 
concentration and interference on the HPLC trace from compounds in the softened 
water, concentrated by the solid phase extraction (SPE) process. Secondly, some 
control experiments showed increases in atrazine concentration with time. This was 
explained by unwanted carry-over from one experiment to the next from the reused 
catalyst. Washing between experiments was carried out but in retrospect washing 
plus illumination would be a better option.
4.2.1.2 Attrition Problems
Initial Experiments using the pilot scale reactor, as described in section 3.11, 
were carried out using batches of crushed (sieved to be > 1.8 mm ) and mixtures of 
crushed and whole Degussa P25 tablets. A major problem during these experiments 
was the high rates of attrition of the tablets, as the bed of particles was rotated and
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ground on the reactor wall, leading to the circulated atrazine solution becoming 
cloudy.
The amount o f attrition was quantified by measuring the absorbance at 350 
nm o f the solution in the holding tank. At the start o f an experiment an initial sample 
was taken and used as a blank. As the catalyst was broken up in the reactor due to 
the swirl motion, the concentration o f fine particles carried into solution increased, 
samples were taken at regular intervals and the absorbance at 350nm measured . The 
increase in absorbance was converted to a concentration o f fines based on a 
calibration made using P25 and is shown in figure 4.21.
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Figure 4.21: Effect o f HO2  Tablet Attrition in Pilot Reactor on Fines
Concentration in solution.
This catalyst attrition caused a number problems both for the experimental 
program and the practical use o f this reactor system:
(i) The total catalyst present in the system consisted o f the particles introduced 
into the reactor at the start o f the experiment and the fines which were produced over 
the duration o f an experimental run. These fines were carried out from the reactor
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and were circulated through the system, being lost at the end of an experiment. Thus 
the actual loading remaining in the reactor decreased over a series of experiments.
(ii) During an experiment the mean particle size of the catalyst was reduced and 
the particle dispersion in the reactor was increased, both effects leading to more 
efficient usage of the UV light.
In practice this meant that the reactor was being run as a mixture of particulate 
TiC>2 and a fine suspension similar to P25 TiC>2 .
Both these effects meant that conditions were not only changing between, but 
also during experimental runs.
From a practical point of view the production of fines in this reactor system is 
undesirable. Any catalyst lost from the system would have to be replaced or 
recovered downstream increasing the running costs. Any system which introduced 
catalyst fines into the treated water would suffer in comparison with non-invasive 
methods such as fixed bed GAC filtration.
Using the calibration data for UV absorbance of P25 powder the amount of 
catalyst lost from the reactor can be estimated at 3g over 5 h for untreated tablets and 
1.64g over 5 hr for tablets heat treated to 800°C from starting loadings of 300 g.
Experiments at a lower flowrate were carried out to attempt to reduce the 
amount of particle/reactor wall grinding and therefore limit the effects of attrition but 
had only a small effect. In addition reducing the flowrate also had the detrimental 
effect of reducing mixing and axial dispersion in the reactor.
4.2.2 Experiments with Crushed and Whole Tablets
Initial experiments were carried out using mixtures of whole and crushed 
tablets to look at the rates of atrazine degradation expected in the pilot reactor.
The results in figure 4.22 show the benefit of increasing catalyst loading up to 
a total of 2.7 Kg of crushed and whole tablets.
It can be seen that the overall atrazine degradation increases with increasing 
catalyst loading. It can also be seen that a plateau effect is observed, similar to that
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for the results obtained with tap water in the batch reactor, with higher loadings 
delaying the onset o f activity loss. This can be explained by the soft water used in 
the pilot scale experiments having the same or similar catalyst fouling characteristics 
since it will contain many of the same components as tap water.
The lower initial degradation rate observed for a loading of 2.7 Kg compared 
to 300g may be due to a lower proportion o f the total loading being particles smaller 
than the whole tablets. The smaller particles, which will be more efficient catalysts 
due to their larger surface area to volume ratio, could be shielded from UV 
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Figure 4.22: Effect o f Tablet Loading on Pilot Scale Atrazine Degradation.
Initial Atrazine Concentration 200-300 ng/L ;Total Flowrate 30 
L/min; Oxygen Sparge Rate 1.5 L/min.
4.2.3 Heat Treatment of Tablets
It was decided that one possible route for reducing attrition in the reactor was 
to attempt to increase the mechanical strength o f the tablets by sintering at high 
temperatures.
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Initial tests, heating batches of tablets at 450 °C, 550 °C, 650 °C, 800 °C, and 
1000 °C, showed that the mechanical resistance to crushing showed little increase up 
to 650 °C, a considerable improvement at 800 °C and a large improvement at 1000 
°C. This increase in strength was accompanied by a reduction in tablet size and, for 
those tablets heated to 1000 °C, also a change in colour from white to grey.
In order to ascertain the effectiveness these heat treated tablets would have in 
the pilot reactor, it was important to compare the photocatalytic activity with 
unheated tablets. The whole tablets themselves could not be tested in the small-scale 
batch system since there would be no mixing and turnover of particles. Batches of 
the heat treated tablets were therefore crushed, sieved to the size range 300-180 pm, 
added to the batch reactor and the degradation of atrazine measured as described 
previously in section 3.10.
The results from these batch experiments are shown in figure 4.23a and 4.23b, 
for atrazine degradation and desethyl-desisopropyl atrazine production respectively.
This shows that the tablets heated to 1000 °C lose their activity and show 
degradation rates close to that of the control (i.e.UV photolysis only). The tablets 
heated to 800 °C however,which showed an appreciable improvement in mechanical 
strength, showed only a small loss in activity compared to the un heat treated tablets. 
It was therefore decided that using these tablets, heat treated to 800 °C, in the pilot 
reactor could give rise to satisfactory degradation rates together with reduced tablet 
attrition.
Comparison of the production rates of desethyl-desisopropyl atrazine shown 
in figure 4.23b also confirmed that tablets heated to 800 °C retained much of their 
catalytic activity compared to those heated to 1000 °C.
This change in activity with heat treatment has been reported before together 
with a change in TiC>2 crystal form from anatase to rutile [31]. Since in general 
anatase forms have been found to be more catalytically active than rutile forms 
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Figure 4.23 a: Effect of Tablet Heat Treatment on Batch Degradation o f Atrazine. 
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F igure 4.23b: E ffect o f  Tablet H eat Treatment on Production o f  Desethyl-
Desisopropyl Atrazine.
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4.2.4 Heat Treated Tablets in the Pilot Reactor
The pilot reactor was emptied o f the previously used catalyst, 900 g o f tablets 
heated to 800 °C for lh  were added to the reactor and a number o f initial 
observations were made. At a flowrate o f 25-40 L/min the bed o f tablets was 
fluidised and at higher flowrates o f 80-90 L/min the bed was lifted and was 
suspended in a band half way up the reactor. It was decided that the best chance for 
reducing the attrition was to increase the amount o f heat treated tablets and run the 
reactor as a fluidised system at a low flowrate where the inter-particle attrition 
would be less than that caused by particles being ground on the wall o f the reactor.
A series o f experiments were therefore carried out using a larger mass of 
catalyst (10 Kg) and operating as a fluidised system with only a small turnover o f 
particles. Running at the lowest flowrate which gave a sufficient mixing o f the 
catalyst (25 L/min) showed poor rates o f degradation, close to that for a no catalyst 
control, as shown in figure 4.24.
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Figure 4.24: Pilot Scale Atrazine Degradation Using Heat Treated
Tahlets.Initial Atrazine Cone. 150 ng/L
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Running the reactor at a higher flowrates o f 35 L/min to 60 L/min and for 
longer illumination times show the maximum overall degradation o f atrazine 
obtained to be 85 % for an illumination time of 100 min.
Results from these experiments are shown in figure 4.25a, and in figure 
4.25b for longer illumination times.
It was found that although attrition rates were slightly reduced the catalyst 
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Figure 4.25b: Pilot Degradation o f Atrazine Using Heat Treated Tablets (10 Kg) 
for Longer Illumination Times.
4.2.5 Experiments With Coated Ceramic Beads.
In order to be able to operate the pilot scale reactor without the catalyst 
suffering attrition it was decided to develop a system based on a supported 
photocatalyst. It was decided to use the sol-gel method modified with 
diethanolamine (DEA) giving a coating on steatite beads using the method described 
in section 3.8.2.
It was impossible to determine the amount or activity o f the titania coating on 
the beads due to the unsuitability of using large particles in the batch reactor. The 
beads, which were checked by visual examination for successfull coating, were 
introduced into the pilot reactor.
The results from experiments carried out with the supported catalyst are 
shown in figure 4.26. Very low rates of degradation were found and samples o f 
catalyst removed from the reactor showed that, even though the support was robust
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enough to survive intact inside the reactor, the coating was removed due to the 
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Figure 4.26: Pilot Scale Atrazine Degradation Using Coated Ceramic Beads.
4.2.6 Pilot Scale Degradation using Degussa P25 Powder
After careful assessment it was decided that the reactor was not suitable for 
either particulate or supported catalyst due to the problems o f attrition. Therefore a 
series o f experiments was carried out using Degussa P25 powder circulated through 
the pilot rig. This would provide a comparison with the data obtained with the 
particulate catalyst and information for a system which could be run without the 
need for a catalyst free output stream.
The results from this series o f experiments are shown in figure 4.27 and 4.28. 
The results show that an increase in catalyst loading led to an increase in 
degradation rate as did an increase in oxygen sparge rate. Again there is evidence of 
loss o f activity leading to the plateau effect.
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Figure 4.27: Effect o f P25 Loading on Pilot Scale Atrazine Degradation. Initial
Atrazine Cone. 150-200 ng/L
Atrazine
0.4
1200 20 40 60 80 100
Illumination Time (min)
"A 2 L/min 0 2  - 30 L/min O 3 L/min 02  - 30 L/min H  2 L/min 0 2  - 40 L/min 
O  1.5 L/min 02  - 35 L/min — # —  No 0 2  -30 L/min
Figure 4.28: Effect o f Oxygen Sparge Rate and Flowrate on Pilot Scale




4.3.1 Scanning Electron Microscope (S.E.M) Pictures
Samples of coated glass beads were analysed by SEM and X-ray 
microanalysis to asses the effectiveness of sol-gel attachment techniques.
Figure 4.29 shows the SEM pictures obtained and Figure 4.30 show the 
accompanying micrographs.
Figure 4.29a shows the surface of a glass bead coated using preparation 
method SG2. It can be seen that the surface of the bead has been coated with a layer 
which can be estimated at 1 pm. It can also be seen that the surface is cracked and 
that surface coverage in this particular coating technique would not be perfect. 
Possible causes of poor coating are chemical (the bead having a surface layer which 
prevents the sol-gel solution from wetting the bead) and physical (mechanical loss 
of coating during the coating process and bead-bead contact while in the sol-gel 
solution).
A SEM showing the whole bead, figure 4.29b shows a number of circular 
areas where cracking has occurred and this is probably due to areas where adjacent 
beads were touching during the coating or firing process.
Figure 4.29c shows that areas of coating contain higher concentrations of 
titanium than the plain bead surface. Figure 4.29d showing the whole bead indicates 
that the areas where contact has occurred show thicker layers and greater 
concentrations of titanium.
Testing the activity of beads coated using methods SG3 in the cuvette 
photoreactor showed no loss of atrazine. A test using the methyl viologen assay 
showed no difference with a control measured at 605 nm (Amax). An experiment 
using a batch of SG3 coated beads in the batch reactor shows degradation rates only 
slightly greater than a control as seen in figure 4.8.
Figures 4.30a and 4.30b show the difference in X-ray diffraction micrographs 
for coated and uncoated beads and clearly show a titanium peak for coated beads.
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Figure 4.29 SEM Pictures of Sol-Gel Coated Glass Beads.
a Close-Up of Glass Bead Surface Coated With Titania From Preparation
Method SG2.
b Whole Bead Showing Cracked Areas.
c Element Analysis of Close-Up Bead Surface
d Element Analysis of Whole Bead.
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Figure 4.29a: Close-Up o f Bead Surface Coated with Titania from Preparation 
Method SG2
Figure 4.29b: Whole Bead Showing Cracked Areas
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Figure 4.29c: Element Analysis of Close-Up Bead Surface. (Clockwise from Top 
Left - Silicon, Potassium, Lead, Titanium)




Figure 4.30 X-Ray Micrographs of Sol-Gel Coated and Uncoated Glass Beads 
a X-Ray Difraction Micrograph - Uncoated Bead
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In conclusion for glass beads coated with sol-gel Ti0 2  using method SG3 
evidence from SEM and X-ray microanalysis suggest that the beads are successfully 
coated although actual degradation tests show that atrazine degradation rates are 
little more than those found due to UV only. This could be explained by the catalyst 
not being photocatalytically active when produced from this method or the amounts 
of catalyst attached and therefore the total loadings in the batch reactor being too 
small.
In general it can be seen that although SEM is useful in assessing the physical 
attachment of a particular coating technique, degradation tests are the only real test 
of the effectiveness of a particular coating technique.
In order to check that the TiC>2 catalyst being produced from the sol-gel 
preparation methods was active and to confirm that the low degradation rates 
obtained with the coated beads was most likely due to poor loadings, a sample of 
unattached TiC>2 obtained from preparation method SG7 was tested in the batch 
reactor. The results from HPLC analysis shown in figure 4.31 and GC-MS of 
reaction intermediates shown in appendix B1 show that the TiC>2 obtained is indeed 
catalytically active.
Preparation methods SG8 and SG9 using alumina and silica gel respectively 
as a support both gave catalyst which showed no activity using the methyl viologen 
assay. Both supports were porous and in addition to showing no activity some 
disadvantages of using porous supports have become apparent [67], and so no other 
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Figure 4.31: Batch Degradation o f Atrazine to Demonstrate the Activity of Sol-
Gel Prepared Catalyst SG7.
4.3.2 Sem iconductor Assay
The semiconductor assay which was evaluated to provide a quick and 
sensitive measure o f catalyst activity was based on the reduction o f methyl viologen. 
It has been reported that methyl viologen is a useful compound for the investigation 
o f photocatalytic systems[64], When UV light illuminates a solution o f TiC>2 m a 
solution o f MV2+ the cation MV+ is formed. This species has a characteristic blue 
colour with an absorbance at 605 nm. In initial evaluation studies in the cuvette 
photoreactor a blue colouration was observed at the catalyst surface during 
illumination, but at the end of an experiment after mixing the concentration was 
insufficient to allow it’s determination in a spectrophotometer. It was also noted 
however that the solution appeared to fluoresce with a blue/green colour when 
illuminated with 350 nm UV light in the cuvette reactor and it was this property that 
was used to develop the assay.
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The results from the assay measurements carried out as described in section
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Figure 4.32: Methyl Viologen Semiconductor Assay for Various Catalyst Types.
A number o f different forms o f TiC>2 were tested to see whether there was 
any correlation between the amount o f fluorescent species formed and the 
photocatalytic activity as expressed as atrazine degradation. A number of different 
catalyst loadings were also evaluated to check whether the assay gave a linear 
response and was therefore a practical assay technique.
It can be seen that the amount of fluorescent species produced is greater for 
catalyst types which are more photocatalytically active and give rise to higher 
atrazine degradation rates in batch reactor experiments. Thus SCM WDB gives the 
highest reading for a given concentration, followed by Degussa P25. Crushed tablets 
and TiC>2 from preparation method SG7 gave similar fluorescence readings. Finally
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coated glass beads using method SG4 and a sample o f photocatalytically inactive 
rutile TiC>2 (SCM TiC>2 ) gave very low readings.
Unfortunately it can be seen from the results in figure 4.32 that the assay 
response is not linear. At higher loadings o f catalyst, and therefore higher 
concentrations o f the fluorescent MV+ species, the slope o f the curve reduces. This 
can be explained by the commonly observed effect in fluorescence spectroscopy of 
quenching.
4.4 Actinometry Results.
The calibration data for the measurement of Fe2+ ions as outlined in section
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Figure 4.33: Calibration Data for Actinometry Experiments.
In the batch reactor, using the 250W medium pressure mercury lamp a value 
o f 7.07 x 10‘8 mol Fe2+ ml-1 was measured for a 5 second illumination time. Using
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equation 3.4 this gives a value of 6.363 x lO 5 moles o f Fe2+ ions formed in the 
reactor.
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Figure 4.34: 250WMedium Pressure Mercury Lamp Spectral Power Output.










254 2.5 112.56 5.31
257 0.8 111.25 1.72
265 0.75 107.89 1.66
270 0.3 105.89 0 .6 8
275 0.3 103.97 0.69
280 0.5 102.11 1.17
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289 0.5 98.93 1.21
296 1.3 96.59 3.22
302 1.3 94.67 3.28
313 3.3 91.35 8.63
334 0.6 85.6 1.68
366 5.0 78.12 15.3
404 3.9 70.77 13.2
435 5.6 65.73 20.4
546 6.3 52.36 28.8







Photon Flux (Ein/s) = -----------------------------
4184 x Energy (kcal/Ein)
Since the light emitted from the mercury lamp used is polychromatic and the 
data for the actinometer quantum yields has been measured for monochromatic 
light, the quantum yield value used in eqn 3.6 must be the sum of the discrete values 
weighted for each line in the lamp spectral output. This is given in equation 4.3.
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^=436nm





= photon flux emitted from the lamp at wavelength A/
Ptotai = total photon flux emitted by the lamp between and ^=436mn
(T) 2+ 1Fe  ^ A = quantum yield at wavelength
X wavelength cut-off (184nm for quartz, 310nm for Pyrex)
This gives a value of 1.178 and therefore substituting this value, the amount 
of Fe2+ ions formed during the actinometer experiment and the time of illumination 
gives a value of 1.08 xlO' 5 einstein/sec.
4.5 Degradation Kinetic Analysis
As has already been discussed the standard method of analysing 
photocatalytic degradation data is to use an equation which describes a saturation- 
type model such as the Langmuir-Hinshelwood expression. It has been reported that 
initial rate-initial organic concentration data fits saturation-type models for many 
different systems [50,100,101,102,55], It has already been shown, in section 4.1.3 
and figure 4.7, that atrazine shows similar behaviour although the data obtained does 
not reach a constant rate within the range studied, bounded by the limit of solubility.
The results of fitting this data to an equation of the form in eqn 4.1 using the 
UltraFit software is shown in figure 4.35.
Equation 4.1 is a Michaelis-Menten type rate expression where kcat is the 
maximum reaction rate and Km is the Michaelis constant which represents the value
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Figure 4.35 : Initial Degradation Rate v. Atrazine Concentration. Data Fitted to
a Model o f the Form in Eqn. 4.1 .
Values for the constants in the equation 4.1 are: 
kcat=5.3738 mg/L.min 
Km=21.8209 mg/L
This gives constants k l and k2 in the more commonly expressed Langmuir- 
Hinshelwood form o f this type of equation:
Rate = ----- — —— (4.4)
1+ k2CA
k j=0.2462 min-1 
k 2=0.0458 (mg/L) -1
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An equation of this form describes a reaction which is zero order at high 
concentrations and first order at low concentrations. The transition between these 
two orders occurs at approximately Ca » l/k2 which for this data is at «21 mg/L. 
Other information which can be gained from this model is that the first order rate 
constant is kl=0.2462 min-1 and that the maximum rate is kl/k2=5.3 mg/L.min.
Obviously this equation is only applicable for the experimental conditions 
used for the series of experiments to obtain the rate-concentration data. Changes in 
dissolved oxygen, catalyst loading and catalyst form would all have an effect in 
altering the values of the constants k] and k2.
For the individual experiments used to compile the data for the L-H type plot 
the initial atrazine concentrations were in the range 1.44-23 mg/L. The highest 
concentration is around the point where reaction order changes from zero to one and 
so it can be assumed that the individual concentration-time plots for these sets of 
data will follow first order kinetics.
There is a further explanation as to why concentration-time data follows first 
order kinetics and this will be described in section 4.17.
If a first order fit is carried out on the concentration-time data, the following 
values for the rate constant k are found:
Table 4.8: First Order Rate Constants Calculatedfrom Atrazine Degradation Data.
Initial Atrazine 
Concentration (mg/L)
First Order Rate 








Taking the data from the experiment with initial atrazine concentration of
23.0 mg/L, a fit was carried out using the model described in figure 4.36.
In this simplified model it was assumed that the degradation of atrazine 
proceeds via a parallel reaction to either desethyl atrazine or desisopropyl atrazine 
and then each of these intermediates degrades to desethyl-desisopropyl atrazine. It is 
further assumed that any subsequent degradation of desethyl-desisopropyl atrazine is 
negligible and can be ignored. This is a valid assumption as only small amounts of 
intermediates smaller than the desethyl-desisopropyl intermediate were detected on 




















Substitute 4.5 into 4.6, multiply through by the integrating factor e*31 and integrate 
gives:
CB —
(  e~(^+k2 )t t
+
y k ^ —(k^+k2) (kj + k2) ~  k^J
4.9
Similarly,










\ h ~ ( k i + k 2)  (kj + k2) -  k3J
-ko <e - ( k \ + k 2)t e - k ^ t  
 ^^ 4 — (k  ^+ k2)  (k  ^+ k2)  — k  ^j
4.11
Applying these model equations in the UltraFit software gives the following 
values for the rate constants for each individual fit:








k l + k2 0.2250 _ _ _
kl _ 0.0137 0.2102 5.681e-4
k2 - 0.2640 0.0376 1.4162e-l
k3 _ 0.2777 - -3.369e-l
k4 - - 0.2478 1.466e-l
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The poor comparison between the rate constants and the poor fit in the case of 
desethyl-desisopropyl atrazine can be explained by the simplified model used to 
obtain the equations. Firstly the model only takes into account those intermediates 
which have been quantitatively measured by HPLC analysis, namely the three major 
dealkylated compounds. The range of other compounds, which amount to a 
substantial fraction of the total as can be seen by a mass balance, are ignored.
Table 4.10 : Mass Balance Including Measured Intermediate Concentrations










0 0.1070 0.0 0.0 0.0 0.0
2 0.0801 1.54e-3 4.16e-3 1.90e-3 0.0193
5 0.0346 2.01e-3 6.75e-3 0.0175 0.0461
10 2.84e-3 8.05e-4 2.93e-3 0.0417 0.0587
20 2.60e-3 3.21e-6 1.69e-4 - -
The first improvements can be made by forcing the model equations for the 
intermediates to take into account that the sum of the rate constants for atrazine 
degradation (found from a first order fit), kl+k2 = 0.225 min*1, the following 
constants were found:
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kl 0..0137 0.0375 0.1182
k2 0.225-0.0137=0.2113 0.225-0.0375=0.1875 0.1355
k3 0.3375 _ 0.0204
k4 - 0.2702 0.3138
The model fits were better, but the match between constants obtained from 
the individual fits are poor.
The main simplification is the omission of any terms representing other 
intermediates in addition to the desethyl (B), desisopropyl (C), and desethyl- 
desisopropyl (D) compounds. The model was therefore changed to include an 
additional lumped term representing all additional intermediates (I).
If the model is extended to include this additional term, and this term is 
represented by a further parallel reaction between atrazine and desethyl-desisopropyl 







Rewriting the rate equation for compound A (atrazine):
dCA




including a rate equation for the other intermediates,
ri =—— = k5CA-k6CI 
at
4.13
rewriting the rate equation for compound D (desethyl-desisopropyl atrazine),
dCD
rD -  k3CB+k4Cc+k6CI 
dt
4.14
integration for compound I gives: 
Ci = k5CA0
(  e ~ ( ^ + k 2 + k 5 ) t ,~ht
+
^kQ-  (k^+ k2 + k 5) (k^ + k2 + k $ ) -  k§j
4.15
the rate equations for compounds B and C remain the same except the term 
(kj+k2+k5) replaces (kj+k2) in equations 4.9 and 4.10. 
and therefore the equation for compound D becomes:
cd= c ao \ _ e ~ ( k \ + k 2  + k 5 ) t
(  „ ~ ( ^ + k 2 + k 5 ) t ,-kzt
+
— (k] + k2 + k§) (kj +k2 + k $ ) -  k^J
(  p — ( k \  + k 2 + k $ ) t - k 4 t
+
 ^k^ — (k^-\- k2 + k§ ) (k^ ~\~ k2 + k§ ) — k^ j
(  e ~ ( k \ + k 2 + k 5 ) t
+
V^6 ~(k\  +k2 + k 5) (k^ +k2 + k $ ) - k Q j
4.16
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Using this set o f equations in the UltraFit program and using the rate 
constants from one intermediate fit in the rate equation for the next fit, the following 
rate contants were found:








kl 0 .0 1 3 7 - -
k2 _ 0 .0375 _
k3 - 0 .1 7 3 8 -
k4 0.3375 _ -
k5 _ 0 .2 7 0 2 -
k6 - - 0 .0 6 0 0
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Figure 4.39: Desethyl-Desisopropyl Atrazine - Model Fit.
Applying the extended model equations to a further data set the following rate 
constants were found:








kl 0.0024 - -
k2 _ 0.0206 _
k3 _ 0.0647 -
k4 0.0099 _ _
k5 _ 0.1030 -
k6 - - 0.0372
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Figure 4.43 : Desethyl Desisopropyl Atrazine. Model Fit.
A further kinetic simplification can be made which has been applied in a 
number o f studies[41,97]. If the degradation reaction proceeds via a number o f 
reaction intermediates which compete for reaction sites on the catalyst surface so
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that the total oxidisable carbon concentration remains constant while the 
concentration of the primary pollutant is decreasing, the denominator in the standard 
Langmuir-Hinshelwood equation can be approximated by:
1 + XiQ + fX -Q  « 1 + £ ,C 1° 4.17
i = 2
where:
the subscript 1 refers to the primary organic compound and,
C°j = the initial concentration of the primary compound.
This simplification has been used to explain the observed (apparent) first 
order degradation of primary organic compared with L-H form of initial rate- 
concentration data [55], The two assumptions are that with little or no mineralisation 
the TOC concentration remains constant and that the adsorption coefficients for the 
reaction intermediates are the same (a good assumption in the case of atrazine since 
the intermediates are of the same form).
Taking the value of K=9.937 from a fit of the initial rate data expressed in 
terms of mM atrazine, the value of kl can be calculated as follows (using the 
calculated apparent first order rate constant for atrazine degradation of 0.2251)
kl=0.2551(1+9.937x0.107)
=0.4644
When these values are used to predict atrazine concentration with reaction 
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Figure 4.44: Comparison Between Observed Atrazine Degradation and the
Model Prediction Based on a Simplification in equn. 4.17.
In general the procedure of fitting a kinetic model and obtaining rate constants
for a system which is poorly defined leads to values with large errors. In this case
since there are a large number of intermediates for which there is no data, the 
equations which are used to model the system are not constrained and the kinetic 
constants show poor correlation between each other when calculated from different 
intermediate data. An attempt has been made to try and put some more constraints 
on the model but it would appear that deriving a kinetic model for a compound such 
as atrazine which breaks down via a large number o f intermediates is o f no benefit.
4.6 Errors and Reproducibility
There are a number o f factors which have affected the accuracy and 
reproducibility o f the degradation experiments. Firstly there is the accuracy of the 
analysis technique used for the quantitative determination, in this case HPLC. In a 
repeat analysis o f an atrazine standard (mean concentration 2.3 mg/L; n=5), the
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standard error was found to be ±0.082 mg/L. Obviously this value would be 
expected to increase at lower concentrations, but as most of the data points in the 
batch studies are at concentrations higher than 2.3 mg/L, the standard error will be 
lower. Since the data points on the batch reactor graphs are of the same order as the 
standard error, error bars are not included.
Other errors applicable to the batch studies include changes in the lamp UV 
output as the lamp gradually expires over it’s lifetime and potential problems of the 
lamp not striking correctly. The latter can usually be determined visually and is 
usually due to the lamp being too cold at start-up. The problem of the lamp output 
gradually changing over time meant that comparison of results obtained, separated 
by a long period of time, were not relied on. In most cases comparisons were made 
on consecutive experiments.
In the pilot scale experiments the data is subject to greater errors due to the 
low levels of atrazine being analysed. Individual SPE recoveries were >95% and a 
number of repeats of the whole analysis method, SPE and HPLC, gave a standard 
error of 15 ng/L (mean 200 ng/L; n=4). This has important implications for the 
batch scale results as some of the differences observed are within this error of 7.5%.
Other errors which are important in the pilot scale reactor are again the lamp 
not striking and possible Ti0 2  build up on the reactor walls over time, the reactor 
being difficult to clean on a regular basis.
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5 Conclusions
The following sections discuss the conclusions drawn from the present work. 
These include the applicability of using photocatalysis as a water treatment 
technique, both for treatment of water which is essentially clean but requires 
removal of trace contaminants to bring it up to a standard suitable for drinking and 
treatment of water which has gross contamination. There is also a discussion of the 
applicability of photocatalytic treatment for the removal of atrazine and other s- 
triazine herbicides specifically. Some of the techniques used in this study are also 
discussed and some ideas for further work are also presented.
5.1 Applicability of Photocatalysis to Water Treatment
It has been demonstrated in many studies that photocatalysis is a potential
technique for the destruction of a wide range of organic compounds. In many cases 
this process proceeds to complete mineralisation of the pollutant to CO2 and H2O. It 
has also been shown that the photocatalytic process can be used for the removal of 
heavy metals and the destruction of microbial contamination. In general these 
processes are brought about by the highly oxidising environment which is mostly 
due to the production of highly reactive hydroxyl radicals.
As the list of compounds which have been photocatalytically degraded grows, 
the more photocatalysis has been talked about as a possible water treatment 
technique for removal of organic contaminants on a large scale.
However a number of initial problems quickly became apparent:
Firstly, studies where some measure of the extent of mineralisation was made (either 
monitoring CO2 evolution or TOC reduction), in addition to the primary compound
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degradation, showed that for many compounds complete disappearance of the 
primary compound was not accompanied by stochiometric production of CO2 . This 
was particularly noted for aromatic or high molecular weight aliphatic compounds 
where the degradation took place via one or more intermediates. Thus promising 
results based on primary organic degradation had to be reassessed in the light of the 
need for complete mineralisation/TOC removal.
It has also been noted that any production of reaction intermediates would 
have to be well defined in any potable water treatment because of the possibility of 
producing intermediates which were as/or more undesirable than the primary 
pollutant.
A second problem which became quickly apparent was the problems of 
reactor scale up.
Most of the studies into degradation of individual organics have been carried 
out in batch reactors or circulated batch reactors with typical volumes <1L. Indeed 
some of the early studies were in volumes as small as 5ml and although valuable 
data has been obtained as to whether compounds degrade or not and what 
intermediates are formed the information is unsuitable for scale-up.
The most common reactor type used in these studies has been an annular 
configuration, with a UV lamp contained in a quartz or Pyrex sleeve suspended in a 
cylindrical reactor. This reactor type is very well suited to small scale batch reactors 
(such as that used in this study) where the total reacting volume is small and the 
annular gap is only a few cm across. Obviously any scale-up of this type of reactor 
will suffer a loss of efficiency, since the intensity of light decreases linearly with 
distance from a line lamp source (Beer’s Law). In addition, for a slurry reactor, the
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Ti0 2  attenuates the UV light further and penetration is only a few cm for loadings 
of a few g/L. Therefore if this type of reactor is used the number of UV lamps has to 
be increased to compensate for the increase in reactor diameter.
A further problem was the form of TiC>2 used in these reactions. Most data 
has been obtained using Degussa P25 powdered TiC>2 because this form is easily 
available and has been shown to be catalytically active. Although useful for batch 
scale laboratory studies this form is obviously unsuitable for any potential scale-up. 
The powdered catalyst would have to be separated from the treated water and 
recycled to keep the benefit of the process being a catalytic one. Thus methods of 
either increasing the catalyst size for use in a fluidised bed reactor, or immobilising 
the catalyst on a support have been investigated.
A further problem encountered is one of low illumination times in flow­
through reactors. This means that, in practice, to achieve the high total illumination 
times needed, long residence times in large reactors or a recycle configuration will 
be required.
There is also the problem of low reaction rates which has to be overcome if 
photocatalysis is to form the basis for an economic process.
(i) Reaction rates decrease with decreasing concentration and since most 
pollutants are at ng or pg levels in UK water supplies reaction rates will be low.
(ii) Multicomponent systems (i.e. the “real systems” encountered in practice) 
mean that rates of degradation for individual compounds will be reduced.
(iii) Inorganic ions and other compounds present in water will lead to UV 
screening and/or catalyst fouling.
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Another problem, in addition to low reaction rates, are the low quantum 
efficiencies found for most photocatalytic reactions. The quantum efficiency of a 
reaction is defined by equation 5.1 as the initial rate of degradation of a substrate 
divided by the theoretical rate of photon absorption. This assumes that all the 
photons entering the reactor are absorbed by the TiC>2 although in practice the 
amount of light scattered or reflected out of the reactor can be substantial.




Oi = the quantum efficiency for species i (mol/einstein)
)  = rate °f degradation of species X (fyl/sec)
d (h v )--------- = the incident photon flux per unit volume (ein/sec. L)
dt
Most quantum efficiencies obtained with commercially available titania are of 
the order of 1% and less. This means that a large amount of the energy being used to 
illuminate the catalyst is wasted and this has important economic consequences.
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In the present study a typical value for the quantum efficiency obtained based 
on atrazine degradation in the batch reactor is 0.93%.
(A typical degradation rate of 1.12 x lO7 M/sec and the value of photon flux 
obtained from the actinometry calculation in section 4.4 of 1.08 x 10'5 ein/sec)
A further discussion of the economic aspects of photocatalysis can be found in 
section 5.4.
There is also the question of where such a technique would be incorporated 
into existing treatment systems. Any compounds in the water which absorb UV light 
will reduce the efficiency of the photo catalytic reactor and thus the water should be 
as clear of humic, particulate and other compounds which absorb UV light as 
possible. Thus the photocatalytic step should be placed where essentially clean water 
is present. It is possible that the photocatalytic step can also provide disinfection as 
well as organic removal although it appears that some method which provides 
residual disinfection to prevent microbial growth in supply pipes/tanks etc. is 
preferable to water supply companies. If ozone disinfection has already been looked 
at as an disinfection option it may be more useful to look at UV-ozone destruction 
of organic contaminants. If chlorine disinfection is used, further work is needed to 
look into the combined effects of radical intermediates formed by the photocatalytic 
process with chlorine to make sure that potentially harmful by-products are not 
formed.
If a reactor which uses a moving bed of either bulk TiC>2 or immobilised 
TiC>2 is used then problems of attrition would have to be overcome.
It has been found in this study that this can be a major problem with both bulk 
catalyst particles and coatings immobilised onto very hard supports. It should also
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be noted that there are problems with the amounts of catalyst that can be coated onto 
supports giving low loadings and poor degradation rates.
5.2 Specific Applicability of Photocatalysis for Atrazine Degradation
As has been shown in this and previous studies, the herbicide atrazine, and
indeed other s-triazine herbicides such as simizine and propazine, are degraded by 
photocatalytic reactions. The major problem in using photocatalysis as a potential 
water treatment technique is the number and range of intermediates produced. This 
means that the overall rates of TOC reduction are low and although atrazine 
disappears quickly, compounds with structures similar to atrazine persist even after 
long reaction times. It is possible that these compounds, such as the dealkylated 
intermediates, would be classed as s-triazine compounds by a regulatory body. The 
problem of intermediates is further complicated by the apparent indiscriminate and 
unpredictable nature of their formation, being dependent of catalyst form, 
environmental considerations and the presence of other oxidisable components in 
solution. It has also been found that changes in the catalyst surface with time can 
lead to changes in the distribution of reaction intermediates and this would 
obviously require that the treated water was constantly monitored.
The case for using photo catalysis for atrazine degradation looks poor 
especially since it is one of few compounds which is not completely mineralised. As 
has already been discussed it forms a stable compound, cyanuric acid, the triazine 
ring being unbroken. It is possible that this compound would be regarded as non­
toxic however it is likely that a process which removed the possibility of harmful
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intermediates entering the treated water (even if this process was non-destructive) 
would be favoured over a process which was difficult to fully define.
5.3 Possible Uses
In my view there are three cases in which photocatalysis could be developed 
to provide particular solutions to pollution problems.
The first is the case where an existing water supply becomes contaminated or 
falls below pollution limits set by a regulatory body.
In this case a portable unit or units based on a supported catalyst could be 
inserted into the existing treatment system with flexible couplings either in series or 
parallel. The process is particularly suited if the compound(s) being removed is(are) 
quickly degraded via few intermediates.
L
Catalyst immobilised 









Figure 5.1: Possible Uses of Photocatalysis. Case 1: Treatment o f an Existing
Supply which Temporarily Breaks Contaminant Limits.
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The second case is that of gross contamination of a water source or industrial 
effluent stream.
Here the overall TOC or COD may have to be reduced before further 
treatment and/or disposal into the environment can take place. In this case the 
process may not need to be continuous and a batch reactor can be employed using a 
multi-lamp configuration. In addition, if the decontamination process is not required 
on a regular basis it may be still economic to use powdered Ti0 2  for the catalyst 
with the possibility o f disposing of the reaction mixture as a whole without need for 
separation. In this type o f batch system there is the additional advantage in that the 
reactor contents may be sampled at intervals and the levels o f pollutants and reaction 






Figure 5.2: Possible Uses of Photocatalysis. Case 2: Gross Industrial
Contamination Prior to Disposal.
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The third potential use is as a field treatment system for polluted streams, 
rivers and lakes.
Photocatalyst could either be introduced directly into the polluted water and 
allowed to be activated by sunlight or a portable unit again based on supported 
catalyst could be used, the contaminated water being pumped through the unit and 
back into the water source. In both cases the technique is used as a method of 
remedial clean-up and would obviously need the accompanying identification and 
removal o f the contamination source.
Field Photo catalysis Unit
Treated Water
Contaminated Water
Figure 5.3: Possible Uses for Photocatalysis. Case 3: Contamination o f Surface
Water.
5.4 Economics of Photocatalysis
There have been two recent studies looking at the estimated costs of
photocatalytic purification systems. The main comparisons to be made between a 
photocatalytic based system and one based on activated carbon removal are:
(i) Consumables. The costs of lamp replacement and energy usage, which would 
depend on local electricity costs, have to be weighed against the major running cost 
for using GAC which is carbon disposal/replacement or regeneration. In addition the
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problems of catalyst losses and catalyst fouling would require that there would also 
be costs associated with photocatalyst replacement.
(ii) Capital Costs. In general the capital costs associated with a photocatalytic 
reactor which will include costly glass and quartz components will be greater that 
the costs for beds of activated carbon. Since most water treatment works include 
other types of filtration, such as sand filters, it would be possible to easily adapt 
these to accommodate GAC reducing capital costs even further.
(iii) Labour Costs. The labour costs for photocatalytic reactors would be similar 
for GAC filtration although additional costs associated with safety issues arising 
from UV radiation have to be taken into account.
In the first study which compared operating costs for carbon filtration, UV- 
photocatalysis and UV-ozone to treat various throughputs [51] indicate that 
photocatalysis could be an alternative to GAC filtration in intermediate to large scale 
treatment plants. The results from this cost analysis are reproduced in table 5.1.
Table 5.1: Estimated Running Costs for Various Water Treatment Systems [51].*
System Size / MGD D 0.029 0.115 0.23 0.92 2.44
Carbon c $7.79 4.25 3.19 2.21 1.95
UV-Ozone $13.00 6.32 4.92 3.83 3.10
UV-Photocatalysis $9.85 4.36 3.21 2.32 2.00
a Costs updated from original 1987 costs 
b Millions of gallons per day
c Incinerative regeneration included in larger size units. No carbon disposal 
d UV-Ozone process minus ozone generation/dissolution
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The second study looked at the removal of phenol in two situations:
(i) Small volume-high concentration.
The costs of removing 90% of a lOOppm phenol solution by photocatalytic 
mineralisation and GAC removal were compared. The estimates for the running 
costs for photocatalytic treatment of 1000 L are shown in table 5.2.
Table 5.2: Photocatalytic Running Costs for Treatment o f lOOOL o f Phenol
Item Cost ($)
Power @ lOc/unit 7.90
Lamp Replacement 1.16




The major cost has been identified as the cost of electricity, amounting to 
80% of the total if labour charges and plant amortisation is ignored.
It was found that 1 kg of Calgon 400 GAC would be required to reduce the 
phenol concentration from 100 to 10 ppm a cost of $5. The cost of disposal added an 
extra $1 to this making a total of $6 per 1000 L.
In this case it can be seen that GAC removal is favoured unless energy costs 
could be reduced or a 2-fold improvement in catalytic efficiency could be made.
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(ii) Large volume-low concentration.
The second system used sunlight to treat water contaminated with 10 ppm 
phenol. It was calculated that to mineralise 1 million litres of 10 ppm phenol in 8 h 
would require a lagoon 90 x 90 m2. Overnight the treated water would be pumped to 
a settlement tank, the settled catalyst being recycled together with untreated makeup 
water back to the lagoon. Using a 0.1% Ti0 2  suspension would require 1 tonne 
estimated at $27,500. Assuming 20 reuses of the catalyst amounts to a treatment cost 
of $1375 per million litres.
It was found that 200 Kg of GAC would be required to carry out the same 
treatment costing approx. $1000 plus disposal costs which is comparable to solar 
powered photocatalysis. Thus the lifetime of the catalyst together with the cost of 
the land area are the critical factors in this scenario.
In any comparison the adsorption characteristics of the pollutants will need to 
be assessed. It is known that there are some organic pollutants which are not 
adsorbed by GAC including butylamine, cyclohexamine, ethanol, hydroquinone, 
adipic acid, choline chloride, diethylene glycol, hexamethylene diamine, morpholine 
and triethanolamine. Mineralisation of some of these compounds by photocatalysis 
has been demonstrated and thus the economics of removal will also depend on the 
adsorption and mineralisation rates of individual pollutants found in each 
wastewater.
5.5 Further Work
The problems associated with catalyst formulation have already been 
discussed. Large particles of bulk TiC>2 are commercially available and tabletting
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powdered catalyst along with a binder could be a possible route to providing large 
particles of different types of TiC>2 It would appear that the biggest problem with 
reactors where the particles are moving relative to the reactor surfaces and to each 
other is attrition. Unless methods of increasing the strength of tabletted Ti0 2  can be 
found it would appear that these type of reactors, although desirable in terms of UV 
light use efficiency, are not practicable. Catalyst is lost from the system which has to 
be replaced, fines get into solution and the size distribution of the catalyst changes 
with time. A method of coating Ti0 2  onto a very robust ceramic support was not 
effective as low loadings and attrition of the surface coating were found to be 
problems.
Reactors based on catalyst immobilised onto a stationary support are probably 
a better solution. It has already been noted that Ti0 2  attaches itself well onto glass 
surface and reactors have been tested where Ti0 2  either from suspensions of P25 or 
from sol-gel methods has been coated onto the walls of annular reactors and onto the 
UV lamp sleeve. The problems associated with this form of reactor are again 
problems of low loading and the gap between UV source and catalyst (in the case of 
catalyst coated on the reactor wall) being large. The most important problem 
though, is that mass transfer effects play a larger part in the reaction kinetics in this 
type of reactor than in those which are particulate based. It has already been shown 
that the primary photocatalytic reactions occur at the catalyst surface and thus in a 
reactor where the distances between the bulk solution and catalyst surface is large 
there will have to be better mixing and possible longer reactor residence times to 
achieve similar conversions to those found in either suspension or particulate 
reactors.
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One possible option for a reactor design which combines the benefits of an 
immobilised reactor without the drawbacks of a static surface is one in which the 
catalyst is coated onto a support which can itself move in the reactor [104]
The schematic diagram shown in figure 5.4 shows a reactor based on glass 
fibres which are anchored at one end of the reactor but are unattached at the other 
and are therefore free to move in the reactor. Any turbulence introduced into the 
bulk flow through the reactor will mean that the fibres will move throughout the 
reactor and in relation to each other but there will be little or no contact between 
individual fibres thus eliminating problems of attrition.
The UV source in this reactor could either be the traditional lamp placed 
axially in the reactor, the fibres sitting around the lamp, constantly moving and 
allowing illumination of fibres at all radial distances from the lamp. Alternatively 
the catalyst could be coated on optical fibres designed to allow leakage of light from 
the sides thus combining the catalyst support and light source in one.
The addition of oxygen into the reactor would be brought about using 
membrane fibres distributed through the optical fibres allowing the oxygenation of 
the reactor contents without forming bubbles which bypass the catalyst surface 
wasting oxygen.
The reactor described in [104] has experienced a few problems namely the 











Figure 5.4 : Fibre Optic Reactor [104].
Any catalyst developments could use the useful methyl viologen assay to give 
some indication as to the coating activity as has been demonstrated this has proved a 
useful technique for a fast measure.
Further work on possible size distribution changes found when catalyst is 
dispersed in solutions o f different ions is needed although as has been mentioned 
any effect on surface charges may be initiated by the photocatalytic effect itself and 
therefore may only be seen under illumination.
In order to improve the kinetic model individual initial rate-concentration data 
could be measured for each available reaction intermediate. The individual rate 
constants fitted to Langmuir-Hinshelwood equations could then be used in the 
reaction schemes described in section 4.5 to see whether the individual data can be 
applied the the multicomponent case (primary compound and intermediates present). 




The software for running the Gilson HPLC can be divided into 4 basic areas. 



























These are inputs which tell the software to perform some function on 










The SGE autosampler / auto injector is controlled by means of a front panel 
and LCD display. For the HPLC method Atrazine the following control parameters 
were used.
No of Inj ections I 01
Flush Time F 6 ; @ 50 psi
Run Time 42 ; longer than HPLC method run time
No. of Samples up to 32
In addition, samples were usually run with a wash sequence to minimise 
sample carry-over from one injection to the next. Alternate vials containing the 
same solvent as the samples (either water or the starting mobile phase - 20% 
acetonitrile / water) were placed in the carousel and the wash button depressed prior 
to starting a run. In the wash mode, after each injection the needle, transfer tubing 
and injection loop is washed through prior to the next injection.
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Appendix B l: Mass Spectra Data From Batch Experiments Using Various Forms o f 
Ti02 Catalyst.
UV Only Control 
SG 3 Coated Beads 
Degussa P25 
SCMWDB 
SG 6 Coated Beads 
SG7 Ti02









Mass Ion Cl Other Ions Compound
153 138 111 P
181 166 139 111 M
173 * 145 110 Desisopropyl
187 * 172 145 110 Desethyl
215 * 200 187 172 145 110 N
229 * 215 186 172 145 110 Oxidised
Experiment: SG3 Coated Beads
Mass Ion Cl Other Ions Compound
153 138 111 P
181 166 111 M
154 139 126 111
187 * 172 145 110 Desethyl
195 168 138 111 L
215 * 200 187 172 145 N
196 153 139 111
229 * 215 186 172 145 110 Oxidised
210 195 153 126 111
221 206 179 164 151 111
235 220 206 178 164 151 111
215 * 200 173 158 132 Atrazine
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Experiment: Degussa P25
Mass Ion Cl Other Ions Compound
211 * 141 112 100 R
201 187 159 149 110
145 * 110 Desethyl-Desisop
Experiment: SCM WDB
Mass Ion Cl Other Ions Compound
159 * 145 71 Q
129 111 85 71 43 Cyanuric Acid
Experiment: SG6 Coated Beads
Mass Ion Cl Other Ions Compound
187 * 172 145 129 111 Desethyl
181 138 111 M
195 180 152 138 111 L
215 * 200 167 153 111 Atrazine
Experiment: SG7 Ti02
Mass Ion Cl Other Ions Compound
130 115 70 43
129 43 Cyanuric Acid
143 128 86 43 S
185 170 143 128 T




182 167 154 140 125
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Experiment: Ti02 from Ti Tetraethoxide
Mass Ion Cl Other Ions Compound
68 41 27 1 H- Pyrazole
138 123 69 43
153 138 111 P
145 110 Deseth-Desisop
173 * 158 145 130 110 Desisopropyl
195 180 152 138 111 L
170 141 77
129 111 Cyanuric Acid
Experiment: Crushed Tablets
Mass Ion Cl Other Ions Compound
143 128 S
166 143 128
215 * 200 173 Atrazine
187 * 145 110 Desethyl
195 167 145 111 L
229 201 187 145 110 Oxidised
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Experiment: SG7 Ti02
Mass Ion Cl Other Ions Compound
144 129 70 44
143 128 86 43 S
153 138 111 69 43 P
206 191 164 143 128
181 166 138 111 M
145 * 110 68 43 Deseth-Desisop
187 * 172 145 110 Desethyl
229 * 214 200 187 172 145 110 Oxidised
252 238 223 195 181 153 139 
111
238 195 168 153 139 111
Experiment: Sonication
Mass Ion Cl Other Ions Compound
187 * 172 158 145 110 Desethyl
215 * 200 173 Atrazine
229 * 214 172 145 110 Oxidised
Experiment: Freeze Dried Sample
Mass Ion Cl Other Ions Compound
145 * 110 Deseth-Desisop
187 172 111 Desethyl
215 200 173 110 Atrazine
187 159 145 110
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Experiment: Fentons
Mass Ion Cl Other Ions Compound
187 * 172 158 145 110 Desethyl
229 * 214 172 145 110 Oxidised
229 * 201 187 159 145 110 Oxidised
Experim ent: Cuvette Reactor (No Filter)
Mass Ion Cl Other Ions Compound
153 138 111 P
181 166 138 111 M
187 * 172 145 110 Desethyl
229 * 214 200 173 Oxidised
215 * 200 187 172 145 N
229 214 200 186 158 110 Oxidised
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Appendix C: Sonication of Atrazine
In the sonication experiment, which is known to be another free radical 
generating system[92,103], 50 ml o f 30 mg/L atrazine in UHQ water was sonicated 
for 2h in a “Soniprep 150” at a power level of »28 W cm-2
Figure C l shows the concentrations of atrazine and the major dealkylated 









T im e (min)
□  Atrazine 
Desisopropyl Atrazine
— Desethyl Atrazine 
Desethyl-Desisopropyl Atrazine
Figure Cl: Sonication of Atrazine. Concentration of intermediates (xlO).
The results from the GC-MS analysis of the solution after 120 min were 
discussed in section 4.1.2 and are shown in appendix B l.
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